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ABSTRACT 
 Chapter 1. Review of efficient, non-enzymatic methods for the catalytic 
enantioselective functionalizations of alcohols. 
 Chapter 2.  Introduction of the first catalytic asymmetric silylation of alcohols for the 
desymmetrization of meso-diols. 
 
 Chapter 3.  Presentation of enantioselective catalytic silylation for regiodivergent 
reaction on a racemic mixture.  Application of this method to the first enantioselective 
synthesis of    (-)-sapinofuranone A. 
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Chapter 1 
EFFICIENT NON-ENZYMATIC METHODS FOR THE CATALYTIC 
ENANTIOSELECTIVE FUNCTIONALIZATIONS OF ALCOHOLS 
Introduction 
     Hydroxyl groups are ubiquitous functionalities contained in numerous molecules of 
biological and industrial interest.  As such, methods to gain access to these optically 
enriched materials or their functionalized derivatives through effective catalytic protocols 
are an on-going and formidable task.  
     This review will encompass efficient enantioselective chemical methods for the 
functionalization of alcohols by group transfer catalysis.  The text will be dissected into 
two distinct sections:   
1) Methods that result in enantioenriched products which contain a stereogenic 
center embedded in the group being transferred 
2) Methods that result in chiral products as the result of desymmetrization/ 
resolution of meso/ chiral racemic substrates   
Noteworthy, is the fact that one very important sub-class of group transfer reactions has 
been purposely left out of this discussion.  Enantioselective catalytic acylation processes 
remain as one of the most important, efficient and well-studied transformations for 
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alcohols; however, given the breadth of this topic, the reader is diverted to other 
references on this subject matter. 
1
  
 
METHODS WHICH RESULT IN ENANTIOENRICHED PRODUCTS 
THAT CONTAIN A STEREOGENIC CENTER IN THE TRANSFER 
GROUP 
1.1  Alkylation 
     In 2006, Fu and co-workers disclosed an efficient and novel method for the generation 
of enantioenriched α-alkoxy carbonyl compounds.2  The process involved the 
stereoselective insertion of a carbene into an O-H bond of an alcohol substrate aided by a 
chiral bisazaferrocene-copper complex.  Figure 1.1 shows the structure of the ligand 
(1.1). 
The reaction parameters were investigated.  
Experimental evidence showed that the addition of 
water (4%) proved beneficial to the asymmetric 
process.   When conventional chiral “BOX”-type 
ligands
3
 were compared with ligand 1.1, inferior 
levels of both stereoinduction and product yield resulted.  Alternate sources of copper and 
                                                 
1
  Jarvo, E. R.; Miller, S. J. in Comprehensive Asymmetric Catalysis Supplement 1, E. N. Jacobsen, A. 
2
  Maier, T. C.; Fu, G. C. J. Am. Chem. Soc. 2006, 128, 4594. 
3
  For a pioneering example of the use of these ligands, see: Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; 
Faul, M. M. J. Am. Chem. Soc. 1991, 113, 726. 
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solvent were evaluated for the transformation.  Scheme 1.1 summarizes the optimized 
conditions for their original substrate, ethanol. 
 
The identity of the substrate played an important role in this reaction.  When the authors 
studied other simple alcohols such as those illustrated in Table 1.1, they found that the 
reaction was sensitive to sterics.  These optimized parameters could not be applied to 
these other alcohols with equal efficiency.
4
 
 
With this information in hand, they studied ethanol derivatives, where substitution occurs 
at the distal carbon.  Inductive effects played an important role in the reaction (Table 
1.2).  Electron rich 2-trimethylsilylethanol (entry 1, Table 1.2) proves to be an excellent 
substrate for the reaction as high yields and levels of enantioselectivity are observed.  
                                                 
4
  Phenol was studied but only yielded 56% yield and 11% ee. 
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However, electron deficient 2,2,2-trifluoroethanol (entry 2, Table 1.2) does not 
participate in the transformation.
5
 
 
Further investigations revealed that changing the phenyl portion of the α-diazoester led to 
mixed results (Table 1.3).   All yields are excellent; however, electronic effects are 
operational in this process.  Electron rich aromatics (entries 2, 3 and 4, Table 1.3) lead to 
products with high levels of enantioselectivity.  The use of an electron poor aromatic α-
diazoester (entry 5, Table 1.3) leads to products with diminished levels of 
enantioenrichment. (21% ee). 
6
 
 
The most remarkable study in this communication comes from a competition experiment 
which is detailed in Scheme 1.2.  Results from this indicate that insertion occurs more 
readily in the O-H bond.  Nonetheless, some O-D insertion product is observed.  The 
                                                 
5
  When the authors studied water as a substrate, the results showed only 55% yield and 15% ee. 
6
  The investigation also shows examples of 3-substituted phenyls. 
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authors quickly point out an advantage of this system as it generates optically enriched α-
deuterio- α-alkoxy esters. 
 
This work constitutes the first instance of an efficient catalytic enantioselective O-H 
insertion reaction.  The substrate scope of the reaction is, however, fairly limited (ethanol 
and its derivatives).  Nonetheless, other salient features of this process such as low 
catalyst loading (<4% of catalyst 1.1), excellent product yields and enantioelectivities, 
short reaction times (~1 h), mild reaction conditions (ambient temp) and the ability to 
extend this transformation to O-D insertions make this stand out as an excellent example 
of enantioselective group transfer catalysis. 
     Another interesting example of this type was reported by Zhou and co-workers in 
2007.
7
  This communication details the authors’ development of a chiral spiro 
bisoxazoline ligand for the copper 
catalyzed process.  The ligand 1.2 is shown 
in Figure 1.2. 
Initial optimizations were carried out on 
phenol in the presence of copper (I) chloride and the ligand 1.2.  Evaluation of solvents, 
                                                 
7
  Chao, C.; Zhu, S.-F.; Liu, B.; Wang, L.-X..; Zhou, Q.-L. J. Am. Chem. Soc. 2007, 129, 12616. 
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temperatures, copper sources and additives led to the conditions illustrated in Scheme 
1.3.  Excellent levels of enantioselectivity and very good yields were observed. 
 
Next, the substrate scope was evaluated for the alcohol, as well as the α-diazoester.  The 
results are summarized in Table 1.4.  Clearly, electronic factors associated with the 
substrate do not seem to be critical to the efficiency of the reaction (entries 2, 3, 4 and 5 
in Table 1.4).  However, the reaction is sensitive to the substitution of the α-diazoester.  
Entries 6, 7 and 8 (Table 1.4) illustrate that the levels of enantioselectivity are very 
sensitive to the sterics of the α-substituent on the diazoester.  A phenyl substitution (entry 
6, Table 1.4) compromises the levels of enantiopurity in the process.  However, good 
yields are still observed (71% yield). 
One final point that merits mention is that the enantioenriched products of this catalytic 
sequence can be of industrial significance.  The two α-aryloxypropionic acids illustrated 
in Scheme 1.4 have been successfully hydrolyzed in quantitative yields under basic 
conditions to afford the corresponding products without the compromising 
enantioselectivity. 
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To summarize, this work has expanded the limits of the previous work
3
  by incorporating 
phenol and substituted phenols (see Table 1.4) as substrates for the reaction.  Also, an 
alkyl-α-diazoester was used in the process.8  The practical reaction makes use of a 
copper/ chiral spiro bisoxazoline ligand (1.2) system to effect the catalytic 
enantioselective group transfer process.   
     The final contribution in this series of catalytic enantioselective group transfers by 
insertion into O-H bonds is another contribution from the Zhou group.
9
  This study 
represents a very rare case in asymmetric catalysis because the report focuses on the use 
of water as the substrate.
4
   The method provides a direct and atom-economical approach 
                                                 
8
  Only phenyl α-diazoesters were studied in the previous published work.  See reference 1. 
9
 Zhu, S.-F.; Chao, C.; Cai, Y.; Zhou, Q.-L. Angew. Chem., Int. Ed. 2008, 47, 932. 
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to synthesis of chiral α-hydroxy esters.  Scheme 1.5 summarizes the optimized 
parameters for the reaction.  Of note, the ligand utilized for the transformation was again 
the chiral spiro bisoxazoline 1.2 (see Figure 1.3).  Also, they make use of methyl α-
diazophenylacetate, which is markedly different from their previous report (see Scheme 
1.3). 
 
Attempts to expand the scope of the α-diazoester were met with mixed success (see 
Table 1.5). 
The sterically encumbered ethyl ester (entry 1) shows little effect on the efficiency of this 
transformation; however, when substituted phenyls were used to probe R2 of the α-
diazoester, an interesting trend emerged.  Substition in the 2 position of R1 (entries 2, 3 
and 4) proved critical to the efficiency of the reaction.  The presence of an ortho group 
bearing non-bonded electrons (entries 2 and 4) led to diminished levels of ee in the 
product albeit in good yields.  Ortho methyl substitution (entry 3), which lacks this 
electronic characteristic is an excellent participant (81% yield, 89% ee).  This electronic 
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influence is not demonstrated in the para substituted cases (entries 5 and 6) as the 
reaction is not impeded when ring substitution is further from the reactive carbenoid 
center. 
     This work constitutes the first efficient, highly enantioselective approach to the one 
step synthesis of chiral α-hydroxy esters by insertion into the O-H bond of water.  The 
process can also be extended to the use of D2O as a substrate.  This rare example is 
outstanding because of the limited use of water in asymmetric catalysis.  Given the utility 
of the enantioenriched products from this transformation, it should find use in 
enantioselective synthesis. 
 
1.2  Sulfinylation 
     The reaction of an alcohol with an appropriate sulfinyl chloride represents another 
example of this important category in asymmetric catalysis where chiral molecules are 
synthesized as a result of the substitution.  This is due to the dynamic resolution of the 
stereogenic sulfur center that occurs during substitution.  These next examples will detail 
chronologically the advent of this efficient catalytic enantioselective transformation. 
     Prior to the report in 2004 by Miller and co-workers, there existed no known method 
for the generation of enantioenriched sulfinate esters by catalytic means.
10
  These 
compounds have been used traditionally in the synthesis of other sulfur containing 
                                                 
10
  Evans, J. W.; Fierman, M. B.; Miller, S. J.; Ellman, J. A. J. Am. Chem. Soc. 2004, 126, 8134-8135. 
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molecules such as sulfonamides and sulfoxides.
11
  The method that the authors developed 
utilizes a peptide-based nucleophilic catalyst to promote a group transfer reaction 
between a primary alcohol and a racemic t-butanesulfinyl chloride.  Under the optimized 
reaction conditions, the catalyst also serves to impart enantioselectivity through a 
dynamic resolution of the stereogenic sulfur atom of the sulfinyl chloride.   
     Amazingly under the influence of only 0.5 mol% catalyst 1.3 (Scheme 1.6), the 
product can 
be obtained 
in as high as 
80% ee and 
99% yield.  
An additional 
point worth  
mention is 
that the 
product’s level of enantioselectivity does not decrease with time.  This further 
accentuates the efficiency of the protocol. 
     The choice of external base was paramount to the reaction.  In order to quell the 
competing, non-selective background reaction which would erode the levels of 
enantioselectivity, the authors identified proton sponge as the optimal base in this 
                                                 
11
  For a review, see:  Fernandez, I.; Khiar, N. Chem. Rev. 2003, 103, 3651-3705. 
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transformation.  Also, multiple solvents and temperatures were evaluated for the 
transformation.  From these studies, THF was chosen as the optimal solvent and -78 °C 
as the ideal reaction temperature (see Table 1.6).    
 
     To ensure the robustness of their catalytic system, the authors performed a 
competition study of their catalyst against other DMAP-based ligands which were known 
to be extremely effective in the catalytic acylations of alcohols.
12
  The authors reasoned 
that since both sulfinylation and acylation of alcohols under nucleophilic catalyst 
conditions proceed by a similar mechanism, a side by side comparison might shed some 
light on the subtle differences in these reactions.  This study revealed that not only did 
their catalyst achieve higher levels of enantioinduction in the formation of sulfinate 
esters, but it was also more effective as it achieved higher conversions at lower catalyst 
loading under identical reaction times. 
     The N-methyl histidine moiety resident in their catalyst proved crucial to this 
enantioselective process.  This was confirmed by a parallel positional screen experiment 
in which each of the eight amino acid residues was exchanged for an alanine residue and 
tested in this reaction.  Only when the alanine was substituted for N-methyl histidine did 
this transformation shut down completely (≤ 2% conversion).  It was reasoned that this 
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nucleophilic moiety embedded in the catalyst sidechain was responsible for catalytic 
turnover through the formation of the well known imidazolium species. 
     Ellman and co-workers were the next to report on the catalytic enantioselective 
sulfinylations of alcohols.
12
  By his previous experience and applying concepts known 
from this type of transformation, he sought to use commercially available chiral tertiary 
amines as catalysts in this reaction. 
     In their initial catalyst screen, they employed optimized reaction parameters, 
substrates and reagents from his previous publication with Miller (see Scheme 1.7).
12
  An 
advanced study identified (1R, 2S)-N-methyl ephedrine as the best catalyst for the 
reaction.  The author recognized the unique structural motif of a tertiary amine vicinal to 
a benzylic secondary hydroxyl, which set it apart from the others.  These preliminary 
studies showed that the product could be obtained in 42% yield with 38% ee. 
     Building on this 
encouraging cursory 
result, and staying with 
the theme of a chiral 
amino alcohol, the 
authors moved to 
investigate the use of commercially available cinchona alkaloids as catalysts for the 
enantioselective process.   This idea proved significant as they were able to identify a 
                                                 
12
 Peltier, H. M.; Evans, J. W.; Ellman, J. A. Org. Lett. 2005, 7, 1733-1736. 
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more effective catalyst 1.4 (Table 1.7).  Also, the results showed that toluene could be 
used as an effective solvent in the reaction.  Although several modifications of the 2°  
hydroxyl functionality of catalyst 1.4 were synthesized and studied for this reaction, none 
proved as effective.  This result illustrates the importance of the free hydroxyl group in 
this transformation.  Noteworthy is the observation that some of the catalyst does undergo 
sulfinylation at this reactive site; however, they make no mention of testing this specific 
modified catalyst directly in the asymmetric transformation.  
     The work culminated with the method being applied to other hydroxymethylarenes of 
differing electronics.  They observed the highest selectivities with substrates that contain 
ortho substitution (Table 1.8).  Also, they discovered a trend with the choice of solvent.  
In general, they found the use of THF results in higher yields, whereas the use of toluene 
resulted in products with increased levels of enantioselectivity.   
     Although the scope of this work is limited to substituted benzyl alcohols, the method 
makes use of a commercially available catalyst quinidine.   In general, yields are 
moderate to low.  The authors have demonstrated that higher yields could be attained by 
running the reactions at warmer temperatures.  However, levels of enantioselectivity are 
eroded as a non-selective background becomes competitive.  Nonetheless, this method 
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furnishes enantioenriched t-butyl sulfoxide products that can be used as chiral building 
blocks for other important molecules.  
   
      
      
      
 
 
 
     The latest instance in catalytic asymmetric sulfinylation is the work reported by Toru 
and co-workers.
13
  The work makes use of quinidine-1-napthoate as their catalyst.  
Furthermore, the authors propose a catalytic cycle for the reaction illustrated in Figure 
1.3. 
      In their mechanism, they propose that the chiral quinidine based catalyst undergoes 
sulfinylation to make the ammonium species.  Nucleophilic attack of the alcohol on this 
chiral activated system results in the dynamic resolution of the sulfur center as it is 
transferred to the hydroxyl functionality.  A proton transfer event occurs with the 
catalyst, which serves as the kinetic base.  The external thermodynamic base (proton 
                                                 
13
 Shibata, N.; Matsunaga, M.; Fukuzumi, T.; Nakamura, S.; Toru, T. Synlett 2005, 1699-1702. 
 
Chapter 1 
Page 15 
 
sponge) is responsible for scavenging the proton from the catalyst, which leads to 
catalytic turnover for the transformation (Figure 1.3).     
 
The work is very similar to that previously described here by Ellman et al.
14
  However, 
there are some key features detailed in Table 1.9 that differentiate the two mehods.  
These include the use of 2
o
 alcohol substrate 9-fluorenol, the ability to use two different 
alkyl sulfinyl chlorides and the use of t-butylmethyl ether as solvent.  
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Although extremely limited in substrate scope, this is a remarkable example of catalytic 
enantioselective sulfinylation.  This reliable method delivers products in very good yield 
and with high levels of enantioselectivity.  Another feature worth noting, a different 
electrophile can be utilized i-propylsulfinyl chloride in this system. 
METHODS WHICH RESULT IN CHIRAL PRODUCTS AS A RESULT OF A 
DESYMMETRIZAION/ RESOLUTION OF MESO/ CHIRAL RACEMIC 
SUBSTRATES 
1.3  Carbamoylation 
     Catalytic enantioselective carbamoylation was first reported by Matsumura and co-
workers in 2006.
14
  They were able to apply concepts and expertise gained from their 
                                                 
14
 Matsumoto, K.; Mitsuda, M.; Ushijima, N.; Demizu, Y.; Onomura, O.; Matsumura, O. Tetrahedron Lett. 
2006,47, 8453-8456. 
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studies on asymmetric acylations by a copper-catalyst to this method of synthesizing 
optically enriched carbamates. 
15
  
     Preliminary investigations led to some encouraging results (Scheme 1.8).  They were 
able to achieve this catalytic asymmetric functionalization in good yield and a respectable 
level of 
enantioselecti
vity on meso-
1,2-
cyclohexane diol.  Through ligand screening protocols, 
they were able to identify BOX-ligand 1.5 (Figure 1.4) 
as a suitable ligand for the reaction. 
     They next focused on expanding the scope of isocyanate for the reaction.  Table 1.10 
summarizes the extent of their probe.   Neither electronic effects (entries 2 and 3), nor 
                                                 
15
 Matsumura, Y.; Maki, T.; Murakami, S.; Onomura, O. J. Am. Chem. Soc. 2003, 125, 2052–2053. 
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steric bulk (entries 4-6) of the electrophile seemed to have any real deleterious impact on 
the enantiomeric enrichment of the product in this format. 
Additional work focused on exploring variations in the 1,2 diol structure.  The summary 
of their findings can be seen below in Table 1.11.  Despite excellent chemical yields for 
this process, levels of optical purity are only fair to moderate for these products.  
Attempts to extend this enantioselective catalytic protocol to meso-1,3 diols were even 
less successful.   
     
Some encouraging results were discovered when they studied the reaction at -40 
o
C.  
Table 1.12 illustrates these findings.   
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     Clearly, these results are more appealing.  Moving the reaction to lower temperature 
has increased the levels of enantiopurity by most likely eliminating a competing non-
selective background reaction.   
     Some of the key features of this method include low catalyst loadings, fast reaction 
times and high chemical yields.  The levels of optical purity observed for the products 
afforded by this protocol range from modest to very good.  Unfortunately, the best cases 
of enantioinduction are limited to cyclic all-carbon substrates.  Nonetheless, this method 
serves as a good example of a first entry in this field of asymmetric catalysis.  Without 
doubt, future contributions will look to extend the scope and practicality of this reaction. 
     Another report in the realm of catalytic asymmetric carbamoylation of alcohols was 
disclosed by the Ohkuma group in 2008.
16
  Their 
studies focused on the kinetic resolution of racemic 
                                                 
16
 Kurono, N.; Kondo, T.; Wakabayashi, M.; Ooka, H.; Inoue, T.; Tachikawa, H.; Ohkuma, T. Chem. 
Asian. J. 2008, 3, 1289-1297. 
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α-hydroxy lactones by a copper complexed ligand system 1.6 (Figure 1.5). 
     Their original substrate of interest was racemic pantolactone.  Based on their 
encouraging preliminary results, they developed a working set of reaction parameters, 
which is detailed in Scheme 1.9.  As evidenced by the result, a robust platform had been 
unearthed. 
 
     Structural variants of the electrophile were examined.  Table 1.13 summarizes their 
results.  As evidenced by entry 5, there seems to be an inverse correlation with reaction 
efficiency and the use of hindered electrophiles such as t-butyl isocyanate, which led to 
dimished s factors in this process.  n-Propyl isocyanate was used with the greatest success 
(entry 1).  The authors make mention that sterically less encumbering isocyanates (such 
as methyl and ethyl isocyante) were not used due to their toxic nature. 
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     Another crucial discovery was made when the authors examined the choice of reaction 
media and the temperature.  Dichloromethane was found to be optimal.  Lowering the 
reaction temperature led to a dramatic increase in the selectivity factor for this method 
(see Table 1.14) and an s factor of 95 could now be achieved.   
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     Other reaction parameters such as substrate scope were then investigated.  Table 1.15 
highlights some of their more notable results.  Entries 1-3 show selectivities greater than 
100. Clearly, substitution (or bulk) in the β-position is critical to the efficiency of this 
reaction (see entry 4).  Also, the study of the lactam version of pantolactone reveals a 
subtle but interesting divergence from ideal behavior (entry 5).  The differences in 
carbonyl electronics between a lactone and lactam are responsible for the drastic decrease 
in selectivity observed in the case of the latter compound.  
 
     In an effort to further probe this theory of β-substitution to yet more diverse 
substrates, they chose to examine racemic diastereomeric compounds illustrated in Table 
1.16.  From their results, it is clear that the relative stereochemistry of the β- substituent 
to the hydroxyl group of the starting material is crucial to the effectiveness of 
enantioselective catalytic functionalization.  These results are drastically different as 
entry 1 reveals an extremely exceptional case of kinetic resolution.  This level of 
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selectivity is extremely rare and exemplifies the power of this tailored catalytic 
carbamoylation to this specific substrate. 
 
     Although this catalyst system is specific for a very narrow substrate class, namely 
racemic α-hydroxyl-γ-lactones, it performs exceptionally well.  Extremely low catalyst 
loadings (0.05 mol%), relatively mild temperatures, ease of catalyst synthesis and fast 
reaction times (1-7 hours) are among the hallmark features for this enantioselective 
functionalization.  Future work in this discipline should include the development of 
additional catalysts effective for broad substrate types.    
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1.4  Sulfonylation 
     A report by Matsumura and co-workers revealed that efficient desymmetrization of 
meso substrates could be accomplished by the use of copper (II) triflate R, R-Ph-BOX 
ligand 1.9 (Figure 1.6).
17
 
     Optimization studies revealed an ideal set of 
reaction parameters (Scheme 1.10). Initial studies 
were performed on meso 1,2 cyclohexanediol in the 
presence of tosyl chloride.  The choice of base proved crucial to the level of ee and 
conversion observed.  
Potassium carbonate 
yielded the best results 
(94% yield, 97% ee).  
Methylene chloride proved to be the optimal solvent for this transformation. 
     Interestingly, very good to 
excellent results could be achieved 
with various sulfonyl chlorides 
(Table 1.17).  However, the 
commonly used reagent mesyl 
chloride could not be used with 
equal efficiency (77% ee, 93% yield).  The authors proved that excellent levels of 
                                                 
17
 Demizu, Y.; Matsumoto, K.; Onomura, O.; Matsumura, O. Tetrahedron Lett.  2007, 7605-7609. 
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enantioselectivity are conserved in the reaction manifold, as there was no observed 
erosion of enantioselectivity when enantioenriched product was re-subjected to the 
reaction conditions.  Given the high yields of product from the transformation, little bis-
sulfonylation of product occurs in this system. 
     They were able to extend their general method to an array of diverse substrates.  
Table 1.18 summarizes their extensive results.  Currently, this methodology is limited to 
syn 1,2  meso- diols. 
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     The authors were able to employ a BOX-type catalyst 1.9 in the presence of copper 
(II) triflate under relatively mild reaction conditions to effect a desymmetrization of 
various 1,2-meso diols by sulfonylation.  In addition to great yields and high 
enantioselectivities of products, the ability to perform the reaction under an aerobic 
atmosphere, relatively short reaction times (~12 hours) and very minimal over-
sulfonylated product are key features that showcase the power of this method.  Given 
these excellent results and their success with structurally distinct and unique 1,2 meso-
diol substrates, this method should find use in synthesis. 
     Onamura and co-workers later published two reports that showed they could extend 
the use of their catalytic methodology to the kinetic resolutions of racemic 2-
hydroxyalkanamides and the desymmetrization of 3-hydroxyalkanamides.
18, 19 
  
   In their first kinetic resolution paper, the authors made a remarkable observation at the 
outset.  The original substrate planned for this kinetic resolution was racemic 
methylmandelate (Table 1.19).  
They found that under their 
optimized catalytic conditions 
that this was not a good 
candidate for the reaction.  They 
quickly realized that 2-
hydroxyalkanamides might be 
                                                 
18
 Onamura, O.; Mitsuda, M.; Nguyen, M. T. T.; Demizu, Y. Tetrahedron Lett. 2007, 48, 9080-9084. 
19
 Demizu, Y.; Kubo, Y.; Matsumura, O.; Onomura, O. Synlett 2008, 433-437. 
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better suited for the reaction.  Indeed this was the case.  Table 1.20 shows a promising 
first result with this class of substrate.  The ability of the amide to act as a proton donor in 
the course of the asymmetric catalytic transformation is likely the reason for the 
delineation of behavior from that of methylmandelate.  One point that merits mention is 
that a fairly substantial background reaction occurs under these conditions.  This system 
is still potent enough, 
however, to overcome this 
and give a high yield of 
product with good level of 
enantioselectivity 
(selectivity factor is 17). 
     A solvent and base screen indicated that potassium carbonate and acetonitrile are 
optimal for this system.  Additional studies focused on expanding the scope of the 
substrates.  To this end, they first looked at some changes in the substitution on nitrogen.  
Table 1.21 summarizes their findings. 
Chapter 1 
Page 28 
 
  
     With the exception of entry 3 (Table 1.21), all have s factors above 10 for the product 
and are synthetically useful.
20
  Entry 3 does not participate well in the context of this 
study presumably due to an unfavorable steric interaction with the catalyst. 
     Additional studies on the substrate structure were performed.  Some of these results 
are highlighted below in Table 1.22.  Varied amounts of steric encumberance are 
tolerated by this catalyst system.  Entries 1-3 demonstrate the catalyst’s robust nature in 
these investigations.  Additionally, entries 4 and 5 have exceptionally high selectivity 
                                                 
20
  For as detailed discussion of selectivity factor (s), see:  Kagan, H. B.; Fiaud, J. C. Top. Stereochem. 
1988, 18, 249-330. 
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factors.  In these cases both the product and the recovered starting materials can be 
obtained in high yields and optical purities.  
 
     Through a straightforward approach, the authors were able to showcase the utility of 
their method as they were able to convert their optically enriched tosylated products 
directly to α- amino acid derivatives without loss of optical purity.20 
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     The final contribution from 
this group in the realm of catalytic 
asymmetric sulfonylation is very 
limited in substrate scope.  In this 
publication the authors extended 
the use of their catalyst 1.9 to a 
small sampling of meso 2,2-
bis(hydroxymethyl)alkanamides 
for desymmetrization.
21
  These 
results are summarized in Table 1.23.  The authors do not elaborate on the brevity in this 
study.  They also do not indicate the absolute configuration of their optically enriched 
tosylated products in this communication.  Nonetheless, it does show the power of their 
catalytic system when applied to a class of substrates that contains substitution remote 
from the critical functionality (amide) for the success of this process. 
     In 2009, Miller and co-workers published their approach to the catalytic 
enantioselective sulfonylation of alcohols by a tetrapeptide catalyst.
22
  This 
organocatalytic approach is the first one of this 
type published to date.  
     The basis of this catalysis rests in the group’s 
philosophy of the synthesis and use of π-methyl-
                                                 
21
 Demizu, Y.; Kubo, Y.; Matsumura, O.; Onomura, O. Synlett 2008, 433-437. 
22
 Fiori, K. W.; Puchlopek, A. L. A.; Miller, S. J. Nature Chem. 2009, 1, 630-634. 
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histidine containing peptides.  Notably, in an advanced investigation the authors utilize a 
common meso triol derived from myo-inositol used in previous studies (Scheme 1.11) as 
their starting 
point.  
Interestingly 
they showed 
that p-nitrobenzenesulfonyl chloride (NsCl) was the optimal electrophile for this reaction 
in terms of yield and enantioselectivity.  Also, based on previous work, they developed a 
tetrapeptide catalyst 1.10 (Figure 1.7) that was optimized for this enantioselective 
reaction.   
     To combat inconsistent product yields, the authors developed two sets of conditions 
(A and B), which could be used to obtain the product in greater yield with shorter 
reaction times.  Condition A consists of a biphasic reaction media made up of a 1:2 (v/v) 
mixture of saturated sodium bicarbonate/methylene chloride.  Condition B is 2,6-lutidine 
(as base) in dichloromethane.  These conditions were utilized in expanding the scope of 
substrates for this work.  Some of these are featured in Table 1.24. 
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     From these results, one thing is apparent.  Substitution in the 2-position of the 
substrate is necessary to facilitate transfer of chiral information.  Entry 4 of Table 1.24 
demonstrates this point well, as the product can be isolated in 61% yield; however, it is 
racemic.  Entry 3 also suggests that the presence of an acyl group or bulk (entry 1) may 
be necessary to achieve high levels of enantiomerically enriched product by this process.  
The presence of the methylether functionality is not as effective (entry 3) as both product 
yield and optical purity suffer for this substrate.  Lastly, Entry 6 seems to indicate that 
this system is sensitive to the relative stereochemistry of the 2 and 3 positioned 
functionalities on the parent substrate.  The fact that these are “anti” in this case could be 
the root cause as to why levels of enantioselectivity and yield suffer for this acyclic 
molecule.    
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     This approach to the enantioselective catalytic sulfonylation of meso-diols represents a 
fundamentally important contribution in organocatalysis.  By utilizing nature’s common 
building blocks and applying concepts of nucleophilic catalysis, Miller’s group was able 
to assemble and optimize a tailored four amino acid sequence as a powerful agent for this 
transformation.  This example will undoubtedly inspire more contributions in this area of 
enantioselective catalysis.     
1.5  Phosphorylation                                                 
     To date, only one group has reported on 
chemical methods for the catalytic 
enantioselective phosphorylation of alcohols.  
Miller and co-workers disclosed their seminal 
work in 2001.
23
  Termed a “minimal kinase 
mimic,” they designed a catalyst made up of 
five amino acids (1.11, Figure 1.8), which included a modified N-methylhistidine 
subunit.  It was this residue that was paramount to the catalysis in the asymmetric 
transformation because it served as the site for initial phosphorylation.  Once 
phosphorylated, the stereodefined activated catalyst complex imparts discrimination on 
the meso-triol substrate, which leads to the phosphorylated product in good yield and 
high enantiomeric excess (Scheme 1.12).
10
  Efficient group transfer would allow the 
catalyst to participate in further cycles.   Noteworthy is the catalyst’s ability to not only 
choose amongst the three hydroxyl groups present in the starting material, but to 
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 Sculimbrene, B. R.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 10125-10126. 
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selectively disengage the product from over-phosphorylation (<10% 1,3-bis-phosphate 
productobserved). 
 
While it remains unclear whether this over-phosphorylation event serves to elevate the 
observed levels of enantioselectivity through a secondary kinetic resolution event of the 
monophosphorylated product, the method remains an outstanding work in the arena of 
asymmetric catalysis.  
     In a later report, the authors disclosed another 
interesting example of catalytic asymmetric 
phosphorylation.
24
  Structurally unique peptide 
catalyst 1.12 was developed to serve as an 
effective and complimentary catalyst to 
pentapeptide catalyst 1.6 in the context of asymmetric phosphorylation (Figure 1.9).  
This ligand could be used effectively under their optimized reaction conditions to afford 
the monophosphorylated product 1.13 in good yield and with high enantioselectivity (see 
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  Sculimbrene, B. R.; Morgan, A. J.; Miller, S. J.J. Am. Chem. Soc. 2002, 124, 11653-11656. 
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Scheme 1.13).  The authors further elaborate intermediate 1.13 to the natural product D-
I-3P. 
 
     By probing chiral space with these short sequences of chiral amino acids, Miller and 
co-workers demonstrated that it is possible to develop different, but effective designer 
peptide catalysts that will give yield to the desired product of selected handedness. 
 
1.6  Silylation      
     The first example of catalytic enantioselective silylation of alcohols was reported in 
2006 by our research group.
25
  By exploiting the fundamental concepts of silaphilic 
catalysis, they were able to develop amino acid 
derived catalyst 1.14 (Figure 1.10) as an effective 
agent for the desymmetrization of meso-4-
cyclopentene-1,3 diol utilizing t-butyldimethylchlorosilane (TBS-Cl) as their 
electrophile. 
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 Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70. 
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Scheme 1.14 
denotes an 
optimized result 
with this substrate.  
This result shows high levels of bis-silylated product (~30%); however, experiments were 
conducted to ensure that a secondary kinetic resolution of the enantioenriched product 
was not responsible for optical enrichment.  Our team was able to optimize conditions for 
this substrate by changing the identity of the amino acid in the catalyst from the t-leucine 
to an iso-leucine moiety.  The results are shown below in Scheme 1.15.  The yield for 
this product was nearly identical with the same levels of by-product formed (~30%); 
however, the level of enantioselectivity was enhanced.  Given the importance of the 
optically enriched material 1.15 as an intermediate in natural product synthesis,
26
 this 
one-step approach represents a significant improvement over the known methods for its  
 
synthesis.
27
  As was the case, this substrate proved to be the least successful of all the 
substrates examined.  Also, catalyst 1.14 was shown to be more robust in terms of higher 
yields and elevated levels of enantioenriched products for all of the substrates, but meso-
                                                 
26
 Venkateswarlu, A.; Corey, E. J. J. Am. Chem. Soc. 1972, 94, 6190-6191. 
27
 Wu, Y.; Hammond, M.; Myers, A. G. Tetrahedron Lett. 1996, 37, 3083-3086. 
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4-cyclopentene-1,3 diol.  Table 1.25 summarizes the scope of their substrate studies.  An 
impressive collection of achiral 1,2 diols is displayed for this transformation.  The system 
can tolerate both cyclic (entries 3-8) and acyclic substrates (entries 9 and 10).  Yields and 
enantioselectivities in general are very good to excellent for this process.  Only two 
cyclic 1,3-diols are probed, one of which is the saturated analog (entry 2) of the originally 
studied substrate.  Ironically, this compound results in the highest levels of observed 
enantioselectivity (96%) for its product, whereas the parent substrate (unsaturated, entry 
1) displays the lowest (81% ee).  This pair of substrates (entries 1 and 2) exemplifies the 
importance of conformational analysis on catalyst-substrate recognition in the 
enantiodetermining step and in subsequent over-silylation of the chiral products.     
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     Importantly, we showed that the process could be extended to the use of other 
conventional silylating reagents such as triisopropyl chlorosilane and triethyl chlorosilane 
with equal success (Table 1.26).  Given the commercial availability of various 
chlorosilanes, this transformation could result in differentially protected silylether 
products, which could in turn be used advantageously in additional reaction pathways or 
as important fuctionalized chiral building blocks.   
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      Although extensive variations of the catalyst structure were made through chemical 
synthesis, none proved as effective as ligand 1.14.  Additionally, a H-bond based 
transition state model was proposed (Figure 1.11).  The model explains the absolute 
configuration of the observed product, details the essential elements in the catalyst’s 
backbone and mostly parallels the mechanism of 
silaphilic catalysis.
28
  
     Although this method requires fairly high 
catalyst loadings (20-30%), fairly long reaction 
times (2-5 days) and low reaction temperatures, it serves as an important first entry into 
catalytic enantioselective silylation of alcohols.  The method proves to be fairly broad in 
substrate scope.  Equally important, it also provides products in high enantioselectivity 
and yield.  The ease of this catalyst synthesis and other attributes such as the recyclability 
of the ligand make this an attractive method for synthesis.   
                                                 
28
 For a discussion of silaphilicity, see:  Bassindale, A. R.; Stout, T. Tetrahedron Lett. 1985, 26, 3403-3406. 
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     Based on lessons learned in their desymmetrization studies through catalytic 
silylation, Snapper and co-workers followed their seminal work with an equally 
impressive investigation on the kinetic resolution of racemic syn-1,2-diols.
29
    
     This work makes use of their silylation catalyst 1.14 and initially also utilizes 
optimized parameters from the preceding work.  The substrates chosen for their studies 
were 1,2 syn-diol entities that could not be obtained in high enantiopurity by Sharpless 
asymmetric dihydroxylation method.
30
  To this end, general silylation reaction parameters 
were performed on the racemic diol substrate (Scheme 1.16).  From their results, it was 
clear that steric 
factors were the 
cause of the site-
selectivity issue.  
The substrate 
clearly dictated that the silylation event would occur on the hydroxyl proximal to the 
smaller (Me) group.  With this observation in hand, they focused their efforts on the 
catalytic asymmetric protocol applied to this same compound (Scheme 1.17).  This result 
demonstrated that 
the process was 
highly 
enantioselective 
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 Zhao, Y.; Mitra, A. W.; Hoveyda, A. H..; Snapper, M. L. Angew. Chem., Int. Ed. 2008, 47, 248-250. 
30
 Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. 
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and that by virtue of the catalyst’s inability to override the inherent substrate control, a 
very effective kinetic resolution could be realized.  Indeed, this was the case.  Table 1.27 
summarizes some of their results.    
 
All of these results are good, recovered starting material in each case was >90% ee.  With 
the exception of entry 2, the silylated products were also obtained in modest to good 
enantiopurity.   
     The racemic substrate class that was next examined for catalytic enantioselective 
silylation contained a tertiary or secondary alcohol vicinal to a primary alcohol.   Their 
findings are illustrated in Table 1.28.  These findings are truly remarkable.  Extremely 
high selectivity factors are found for entries 2-4.  Although the selectivity for entry 1 is 
not as high, the reaction is still synthetically useful. 
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      This work signifies the first example of catalytic kinetic resolution of alcohol 
substrates by silylation.  Although this manifold suffers from the same short-comings as 
the desymmetrization work(long reaction times and high catalyst loadings), it is 
nonetheless a very useful and reliable method to generate optically enhanced syn-1,2-
diols that are not available by other straightforward means.  Also, in cases where s is 
high, the silylated products could also be isolated in good yields and enantioselectivities. 
     The final contribution to the enantioselective silylation of alcohols from Snapper and 
co-workers was disclosed in 2009.
31
  Application of their catalyst 1.14 to the 
desymmetrization of meso-triols by silylation was performed.  Table 1.29 summarizes 
some of their results for the case of acyclic substrates.  This catalyst is very effective for 
this class of substrates.  Sterically differentiated alkyl groups (entries 1-3) are well 
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tolerated in this sequence.  Also, electronic contributions on phenyl substitution were 
probed (entries 4-6).  From these results, electronic perturbation of the ring does not 
hamper the effectiveness of the transformation as all of these products could be formed in 
greater than 95% 
enantioselectivity.    
     They next probed a 
limited number of meso, 
cyclic substrates that 
contained a tertiary 
hydroxyl center.  These 
results are truly 
remarkable.  In all cases, 
enantioselectivities are 
above 98%.  The yields for these reactions are good.  The divergence in the absolute 
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stereochemistry in the products observed from the acyclic and cyclic studies (entry 3, 
Table 1.29 versus entry1, Table 1.30) is a testament to the catalyst’s utility as it is able to 
operate in such a way that differentiates the prochiral faces of each of these substrates.   
     In their final study in this report, the authors explored the use of cyclic and acyclic 
triols that contain only secondary hydroxyl groups.  These sterically less discriminating 
substrates are more demanding because they require a catalyst to differentiate among 
similar stereoelectronic environments.  Their catalytic results are shown in Table 1.31.   
        Lastly, 
enantioselective 
syntheses of 
cleroindicins C, D and 
F were achieved by 
the use of a common 
intermediate made 
available through the 
asymmetric catalytic 
silylation method.  
Scheme 1.18 
illustrates this 
sequence and 
summarizes the results from this key step.  
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     The work presented from the Snapper group illustrates how effective this amino-acid 
derived catalyst 1.14 is for this enantioselective silylation of hydroxylated substrates.  
The utility of the formed silyl ether cannot be understated.  It is an indispensible 
functionality that withstands the force of many harsh conditions encountered in chemical 
synthesis.  In addition, the orthogonality in its removal lends itself well to multi-step 
endeavors.  
     A recent contribution to this area of enantioselective catalytic silylation was made by 
the Oestreich group in 2010.
32
  Their work demonstrates an alternative method for kinetic 
resolution, which is an asymmetric method for dehydrogenative Si-O coupling that 
occurs in the presence of a chiral Cu-H catalyst 1.17.  An advanced result based on 
optimization studies is illustrated in Scheme 1.19.  
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     The team was careful to point out that the heteroatom (N) in the substrate was crucial 
to the process.  It was surmised that the lone pair served as an additional point of binding 
that was critical to the success of this process.   
     Additional studies were performed trying to extend the process to differentially 
substituted silanes.  The authors realized that the presence of t-Bu or other less sterically 
congested 
alkyl 
substituted 
silanes were 
inert for this 
process.  
Table 1.32 
summarizes 
some of their 
key 
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discoveries with aryl substituted silanes.  Entry 1 displays the highest selectivity factor.  
Electronic variations at the 4 position of the aryl ring (entries 2-4) display little variation 
in the s factor for the reaction. 
     Finally, the authors explored structural variations on the substrate for this reaction.  
Utilizing optimized parameters from their investigations, these racemates (illustrated in 
Table 1.33) which contained different R substitution and donor aromatic N-heterocycle 
(Donor) yielded the highest factors for selectivity. 
 
None of these yielded higher selectivity factors than that for entry 1 (Table 1.32).  With 
the 2-pyridal moieties (entries 4-8), steric and electronic effects of the R group 
contribution seem to show little effect on this process.  Where the donor system was 
changed from 2-pyridal (entries 1-3), these donors were less effective in the process.   
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     Although this method is fairly limited in substrate scope, it has shown some efficiency 
in this process.  This reaction’s main feature is that it demonstrates a different mode of 
alcohol silylation for the catalytic enantioselective reaction.  Future work should spring 
forward from this novel approach. 
1.7 Conclusions  
     Although the past ten years have witnessed numerous contributions for a variety of 
methods for the catalytic enantioselective functionalizations of alcohols, there are a 
number of different approaches that are still being investigated.
33
  The examples 
highlighted here, presented in chronological order within the sub-topic, showcase the 
power and utility of group transfer catalysis.  In all cases, these are important examples of 
how creativity was used to exploit or explore fundamentals in asymmetric catalysis as 
applied to the specific functionalization.  Given the importance of the task involved, this 
area of chemistry will benefit by the future contributions of others who will undoubtedly 
rely on these seminal and imaginative works as an inspiration to achieve better and more 
effective catalytic enantioselective methods for this purpose.  
 
    
 
                                                 
33
  For an example of a related process on a catalytic site-selective thionoformylation of polyhydroxylated 
substrates, see:  Sanchez-Rosello, M.; Puchlopek, A. L. A.; Morgan, A. J.; Miller, S. J. J. Org. Chem. 2008, 
73, 1774-1782. 
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CHAPTER 2 
ENANTIOSELECTIVE SILYLATION OF ALCOHOLS BY AN 
AMINO 
ACID DERIVED CATALYST 
2.1 Background 
     The trimethylsilyl ether was initially introduced by Pierce for its ability to convert 
high boiling polyhydroxylated molecules into lower-boiling derivatives suitable for gas 
phase chromatographic analysis.
34
  Shortly thereafter, a more bulky and hydrolytically 
stable silyl ether, specifically the tert-Butyldimethylsilyl (TBS) ether, was first reported 
by Corey
35
 and co-workers as a protecting agent for hydroxyl groups.
36
  The authors 
understood the need to develop a robust silylether that would withstand the rigors of 
multi-step synthesis.
37
  With this goal in mind, they developed suitable conditions to 
bypass the obstacle of long reaction times and low conversions that had been previously 
observed in the rate of TBS-ether formation.   When they employed imidazole as a 
catalyst and N,N-dimethylformamide as the reaction medium, they noted a dramatic 
increase in the rate of substitution.  These conditions were the basis for a reliable and 
mild method for the formation of TBS-ethers in high yields.  Although little was known 
                                                 
34
 Pierce, A. E. Silylation of Organic Compounds (a Technique for Gas Phase Analysis), Pierce Chemical 
Co.; Rockford, III., 1968. 
35
 Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190-6191. 
36
 For the first report of a TBS-enol ether, see:  Stork, G.; Hudrlik, P. F. J. Am. Chem. Soc. 1968, 90, 4462-
4464. 
37
 Corey, E. J.; Ravindranathan, T. J. Am. Chem. Soc. 1972, 94, 4013-4014. 
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about the mechanism of the reaction, Corey surmised that an activated silylated imidazole 
intermediate was likely responsible for the reaction turnover. These observations and 
notes are the basis for silaphilic catalysis. 
     Silaphilic entities, such as imidazole are characterized as having a particular affinity 
for silicon.  These are mostly electron-rich nitrogen- or oxygen-containing compounds.  
However, the most effective is fluoride, which can act in a catalytic way owing to the fact 
that trialkylfluorsilanes are kinetically active.
38
  Table 2.1 illustrates a hierarchy of 
silaphilicity as determined by their effectiveness in the rate of substitution at silicon.
39, 40
  
 
     Substitution in the presence of a silaphilic catalyst on chiral silane substrates can occur 
with inversion, retention or racemization depending upon the nature of the leaving group 
and the catalyst.
41
  In each of these cases, hypercoordinate silicon complexes have been 
implicated.  Scheme 2.1 illustrates a plausible reaction pathway for each substitution at 
the silicon center.   
                                                 
38
 Corriu, R. J. P.; Perez, R.; Reye, C. Tetrahedron 1983, 39, 999-1002. 
39
 Basindale, A. R.; Stout, T. Tetrahedron Lett. 1985, 261, 3403-3405.  
40
 Lewis Base nomenclature can also be used here.  For a review, see:  Denmark, S. E.; Beutner, G. L. 
Angew. Chem., Int. Ed. 2008, 47, 1560-1638. 
41
 Brook, M. A. Silicon in Organic, Organometallic and Polymer Chemistry, Wiley: New York, 2000. 
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     The first case (eq. 1, Scheme 2.1) is reminiscent of an SN2 mechanism as in 
substitution at carbon.
42
  There is a major difference.  While in the SN2 mechanism, the 
nucleophile approaches the C-X σ* thus elongating the C-X bond forming a transient 5 
coordinate complexed carbon, in the case of silicon, the nucleophile (Nu
-
) attaches to the 
silicon.  From this, there is a coordination expansion event in which the geometry goes 
from tetrahedral to trigonal bipyramidal.  Because of electronic considerations, the 
nucleophile and leaving group assume the apical positions.  From this complex the 
leaving group can depart, thus resulting in substitution with inversion at silicon.  
                                                 
42
 Sommer, L. Stereochemistry, Mechanism & Silicon, McGraw Hill, 1965. 
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     In the second case (eq. 2, Scheme 2.1), X
-
 is a less efficient leaving group.  Now, an 
attacking nucleophile (Nu
-
) will attack the silicon center.  However, the nucleophile and a 
ligand other than X will now occupy the apical positions in the trigonal bipyramidal 
complex.  A Berry pseudorotation occurs with a resulting ligand exchange on the Si 
center.
43
  Departure of the leaving group from this pseudo-rotated intermediate is fast and 
responsible for the observed net retention in the substitution event. 
     In the final case of racemization (eq. 3, Scheme 2.1), the formed pentacoordinate 
siliconate complex after nucleophilic attack is substituted once more by the nucleophile 
(Nu
-
) to render a hexacoordinate silicon complex.  From this, the leaving group departs 
                                                 
43
 For a related process on a P center, see:  Ugi, I.; Marquarding, D.; Klusacek, H.; Gillespie, P. Acc. Chem. 
Res. 1971, 4, 288-296. 
Chapter 2 
Page 53 
 
resulting in a 5-coordinate species in which two molecules of the nucleophile occupy the 
apical positions.  Departure of either of these is equally likely from this symmetrical 
intermediate.  Hence, racemization of the product as a result of substitution is observed.  
    Taken altogether, Corey’s observations in conjunction with these mechanistic 
considerations and the concept of silaphilic catalysts provide a reasonable basis for the 
development of a catalytic enantioselective silylation process.  In theory, a properly tuned 
chiral silaphilic catalyst could impart asymmetry in this substitution process.  Intrigued 
by these arguments, we embarked upon a literature search for this purpose.  In turn, we 
were delighted to see that no such catalytic method existed.  There was, however, one 
method reported for the enantioselective silylation of secondary alcohols.       
     Ishikawa and co-workers disclosed the first instance of asymmetric silylation of 
alcohols in 2001.
44
  They developed a chiral guanidine reagent 2.2 as a “superbase” for 
the silylation of racemic indan-1-ol 2.1 and 1,2,3,4-tetrahydro-1-napthol 2.4 in the 
presence of TBS-Cl or TIPS-Cl. (Scheme 2.2).  After 10 days of reaction, the reaction 
yielded only 31% ee of silylated product 2.3 while the starting material 2.1 was recovered 
with 18% ee (Eq. 1). Noteworthy is the fact that the yields for the products of the 
reaction are based upon the use of 2 equivalents of starting material (e.g. 200% 
theoretical yield).  The krel for the reaction is 2.2. 
                                                 
44
 Isobe, T.; Fukuda, K.; Araki, Y.; Ishikawa, T. Chem. Commun. 2001, 243-244. 
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          Swapping the electrophile for the sterically encumbered triisopropylchlorosilane 
reagent did little to improve the efficiency of the asymmetric process.  In this case (eq. 2, 
Scheme 2.2) silylated products 2.5 and 2.6 could be isolated in 58% and 70% ee, 
respectively.  The krel for these reactions is low (5-6).  In addition to this, the reaction 
requires six days at ambient temperature for completion.  Efforts to speed the course of 
the reaction by heating resulted in eroded levels of enantioselectivity for the products.  
While cooling the reaction severely affected the reaction progress, this offered no 
increase in the observed asymmetric induction.   
     Attempts to render this process catalytic in guanidine 2.2 by the addition of 
triethylamine as a proton scavenger proved futile.  This result is not completely surprising 
given the fact that pKa arguments suggest that the guanidine is roughly 1000 times more 
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basic than triethylamine (protonated forms are 13.5 and 10.9 respectively).
45
  Hence, the 
protonated form of reagent 2.2 is unlikely to deprotonate at any appreciable rate which 
inhibits catalyst turnover.  Even more bizarre is the fact that the authors make note that 
the reaction proceeds in the presence of triethylamine to 57% conversion after 43 hours 
with complete loss of asymmetric induction!  This result could suggest that triethylamine 
serves as the kinetic base in this instance therefore outcompeting the chiral superbase 2.2 
during the substitution event. 
     While this cannot be described as a useful or efficient enantioselective synthetic 
process, it does command respect as the first example of an enantioselective silylation of 
alcohols. More importantly, the results clearly indicate that a catalytic method for this 
reaction is theoretically possible.  Mindful of this and in combination with what was 
known about the mechanism of silaphilic catalysis, we embarked on an investigation of a 
direct asymmetric silylation of alcohols by an amino acid-derived catalyst. 
 
2.2 Introduction 
     Silylethers are an indispensible functionality for many synthetic endeavors.  Reasons 
for this include:  their ease of preparation; the variety of substituted silicon reagents 
readily available or synthesizable; their inertness to many harsh conditions encountered 
                                                 
45
 See Bordwell pKa table for details. 
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in multi-step processes; and the specificity of their removal in the presence of other 
sensitive functionalities by fluorodesilylation.
46
  
     While much progress has been made in the group transfer catalysis of alcohols,
47
 
catalytic asymmetric silylation has been excluded (prior to 2006).  The stigma associated 
with “protecting groups” has likely precluded this pathway from previous investigation;48  
however, the ability to mask a reactive site in this enantiospecific way cannot be 
overstated.  As an example consider Scheme 2.3, where two independent synthetic paths 
to an optically enriched silyl ether 2.11 are shown.  The use of this intermediate as an 
important chiral building block has been documented in the syntheses of several 
biologically relevant molecules.    
       
      
                                                 
46
 As an example, see:  Wan, L. Tius, M. A. Org. Lett. 2007, 9, 647-650. 
47
 See Chapter 1 of this thesis. 
48
 Young, S.; Baran, P. S. Nature Chemistry 2009, 1, 193-205.  
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     Paquette and co-workers reported the asymmetric synthesis of enone 2.11 by way of 
an enzymatic hydrolysis of bis-acylated compound 2.7.
49
   There are important features 
which merit mention.  Most notably, this five-step process by way of compounds 2.7-
2.10 (sequentially) requires the use of two different enzymes, takes in excess of ten days 
owing to the sensitive nature of ester 2.9 and necessitates a protecting group swap (in two 
steps) going from ester 2.9 to silyl-ether 2.11.  Overall, the reported enantioselectivity of 
the product was excellent. 
     Myers and co-workers found that aspects of this method were not amenable to the 
synthesis of their antitumor compound neocarzinostatin chromophore.
50
  The long 
reaction times and the observed erosion of optical purity of silyl ether 2.11 did not bode 
well for their synthesis.  This led them to develop a more dependable and quicker, but 
less step-efficient process.  Although the target could be achieved with the desired level 
of enantiopurity, this seven-step sequence (by way of allylic alcohols 2.12 and 2.13, 
Scheme 2.3) requires two protecting group swaps, which consume 4 of the 7 synthetic 
operations!        
      Step economy in a synthetic process is important for minimizing waste streams, 
reducing costs, reducing ones exposure to different toxic reagents, maximizing time 
efficiency and potentially increasing overall chemical yields.  A one step approach to the 
catalytic asymmetric synthesis of allylic alcohol 2.13 from cis-4-cyclopenten-1,3-diol 2.7 
(Scheme 2.3) would constitute a two step sequence for the chiral building block 2.11 in 
                                                 
49
 Paquette, L. A.; Earle, M. J.; Smith. G. F. Org. Synth. 1995, 36-40. 
50
 Myers, A. G.; Liang, J.; Hammond, M.; Harrington, P. M.; Wu, Y.; Kuo, E. Y. J. Am. Chem. Soc. 1998, 
120, 5319-5320. 
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enantioenriched form.  This type of reaction would clearly demonstrate an effective, more 
straightforward synthesis of enone 2.11.  In the context of this paradigm, we set out to 
develop a catalytic enantioselective silylation of meso-diol 2.7. 
 
2.3 Initial experiments and considerations 
     Our original plan included the use of model substrate 2.7, and TBS-Cl as our 
silylating agent.  Importantly, we would need to develop a suitable chiral silaphilic 
catalyst, capable of imparting enantioselection in the substitution event but discriminating 
enough to disengage the initial product from further transformation. In addition, we 
would need to evaluate different bases for the silylation.  This base should not compete 
under optimizied conditions in order to disfavor stereorandom events that could lead to 
diminished levels of enantioenriched products.   Finally, while optimizing reaction 
parameters such as reaction concentration and temperature would be essential to its 
success, we would also need to assess different media for this process. 
     Because of the variety of chiral silaphilic catalysts available within our group,
51
 our 
first test reaction sought to explore these structurally distinct ligands in the context of this 
asymmetric transformation.  Initially, THF was used as solvent and N,N 
diisopropylethylamine was selected as the base.  A stoichiometric amount of reagent 
(TBS-Cl) was used to ensure reaction completion as long as oversilylation to compound 
                                                 
51
 As an example, see:  Traverse, J. F.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2005, 7, 3151-
3154. 
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2.14 did not occur significantly.  The reactions were allowed to stir at room temperature 
for 20 hours.  Scheme 2.4 details the results for this investigation.    
 
       Although the use of catalysts 2.15-2.19 resulted in product in racemic form, N-
methyl imidazole-containing moieties 2.20 and 2.21 showed some encouraging results 
(12% and 15% ee, respectively).  As a first educated guess, we synthesized and evaluated 
the structurally bulky diastereomeric analogues 2.22 and 2.23.  These revealed a more 
selective ligand for this reaction (2.23, 23% ee).  Of note, in both sets of diastereomeric 
catalysts (2.20 and 2.21; 2.22 and 2.23) there is an indication that the relative 
stereochemical relationship of the two resident stereogenic centers in each pair is 
important to the level of asymmetric induction observed.  Hence, the (S) amino acid and 
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(R) amine three dimensional spatial orientations show an enhanced result for asymmetric 
induction.  This is both crucial and beneficial in the context of this transformation. 
     With a potential lead catalyst in hand, we opted to study the significance of 
temperature in this pathway.  It had been noted that at room temperature the tert-
butydimethylsilylation of diol 2.7 proceeds in the absence of a silaphilic catalyst, albeit 
slowly.  This type of competing, non-selective pathway would only serve to diminish the 
levels of enantiomeric excess in the process.  By investigating the reaction at lower 
temperatures, we hoped to quell the influence of this undesired background reaction.  
Table 2.2 summarizes the results of this study.   
      
     To our delight, lowering the reaction temperature resulted in enhanced levels of 
asymmetric induction.  Entry 6 (Table 2.2) demonstrates that the product could now be 
obtained in 77% ee with only 3% of the bis-silylated diol 2.14 present.  However, the rate 
of conversion is adversely affected in this cooling process (entry 1 vs. entry 6).  Notably, 
prolonged reaction times at these low reaction temperatures did not result in higher 
conversions.  The reaction seemed to stall presumably due to a substrate concentration 
issue.   Later studies on reagent stoichiometry would demonstrate that the optimum 
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balance of 2 equivalents of TBS-Cl and 1.25 equivalents of DIPEA yielded better 
conversions and enantioselectivities for the formation of 2.13 (50% conversion, 82% ee). 
     Clearly, other reaction parameters needed to be optimized to make this reaction more 
effective.  Along these lines, we tested other solvents in this manifold.  Results for this 
investigation on our model substrate are highlighted in Table 2.3.    
 
 
     Two of these solvents stand out as ineffective for this reaction.  As shown in entries 1 
and 3, both polar, aprotic solvents afford little in terms of both conversion and 
enantioselectivity.  Interestingly, the use of chloroform (Entry 7) is the most effective of 
the group for conversion to product.  However, enantioselectivity for the reaction in this 
medium suffered greatly (8% ee).  To achieve higher levels of asymmetric induction in 
this setting, we selected THF (entry 4) as our optimal solvent.  Other solvent studies at a 
lower temperature (-78 
o
C) confirmed this; however, this study also showed that toluene 
could be used successfully albeit with slightly diminished enantioselectivity for product 
2.13 (81% ee vs 79% ee, respectively). 
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     The next critical parameter evaluated for the silylation was the choice of external base.  
Minimal crucial attributes for the proton scavenger would include the ability to 
deprotonate the chiral catalyst (important for turnover) and the inability to activate the 
chlorosilane leading to a competitive non-selective substitution (eroding levels of ee).  To 
this end, we examined an array of inorganic and organic bases in the context of our 
model system.  Unfortunately, inorganic bases including sodium carbonate, potassium 
carbonate and cesium carbonate performed poorly (all led to racemic products in less 
than 20% conversion).  Table 2.4 illustrates the results for the organic bases evaluated in 
the reaction.  Entry 1 demonstrates that terpyridine is not an effective base for the 
reaction.  Results show that the conversion is low (12%) and that the product is in 
racemic form.  When DBU (entry 4) is employed, the reaction proceeds well most likely 
due to its base strength.  However, this entity is also silaphilic and this presumably leads 
to the observed racemic product.  Entries 2 and 3 indicate that trioctylamine and Proton 
Sponge perform admirably in this transformation.  Both yield product in similar %ee (41 
and 46% respectively).  When compared with our conditions (entry 5), however, the 
conversion is seemingly sluggish.  These results served to reaffirm our assumptions that 
DIPEA (N,N diisopropylethyl amine, also known as Hünig's base) is the most effective 
non-silaphilic, exogenous base for this system. 
Chapter 2 
Page 63 
 
 
      By studying different leaving groups on our electrophile (TBS-X), we hoped to 
increase the efficiency of the catalytic reaction.  Table 2.5 highlights the findings of these 
studies.  The results from the use of TBS-OTf (entry 1) are interesting in that a large 
amount of bis-silylated material 2.14 was formed (~25%).  This reagent is clearly 
different than the others.  It most likely does not require activation by the chiral catalyst 
in order to silylate the diol 2.7.  For this reason, the desired product 2.13 is observed as a 
racemate.  Entry 2 details the use of TBS-I (made in situ by the addition of 
tetrabutylammonium iodide).
52
  The conversion is good (61%); however, owing to the 
enhanced electrophilic nature of the entity, observed levels of enantioselectivity were 
low.  Entries 3 and 4 show equal efficiency in the asymmetric functionalization but the Cl 
(entry 3) proved superior in terms of both reaction completion and commercial 
availability.  For this reason, we selected TBS-Cl as our electrophile of choice in our 
early studies of our model substrate.  
                                                 
52
 Finkelstein, H. Ber. 1910, 43, 1528. 
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     Finally, studies directed toward effects of concentration were performed in hopes of 
finding more suitable conditions.  The results from this investigation are summarized in 
Table 2.6.  All three entries yield product 2.13 with 82% ee.  The conversion is very low 
at 0.1 M concentration (entry 1).  A more concentrated reaction mixture (0.5 M, entry 3) 
shows 70% conversion to product in 24 hours of reaction; however, by-product 2.14 is 
now present in ~20% yield.  This result is in stark contrast to those of entries 2 and 3, 
where the levels of bis-silylated material are less than 5%.     
 
     Given all of these results, we felt confident in the success of our catalytic asymmetric 
reaction of diol 2.7.  The next important challenges would now be to investigate 
additional catalysts based on this valine-derived 2.23 and to extend this concept of 
catalytic enantioselective silylation to other useful meso-diols.    
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2.4 Catalyst synthesis and synthetic alterations 
     The ease of synthesis of silaphilic catalyst 2.23 is demonstrated in Scheme 2.5.  This 
begins with a peptide coupling of protected valine 2.24 with the chiral amine 2.25 in 81% 
yield.  Boc removal under the influence of hydrogen chloride proceeds smoothly to afford 
intermediate 2.26 in >90% yield.  It should be noted that this primary amino amide 
intermediate is unstable to room temperature storage.  Significant degradation can be 
seen in as little as 24 hours of storage at ambient conditions.  When used promptly in the 
condensation with commercially available aldehyde 2.27, the resultant imine can be 
isolated in quantitative yield.  Finally, a reduction is achieved with the use of sodium 
borohydride, which affords our chiral catalyst 2.23 in 90% yield. This demonstrates an 
overall process yield of >60% over four synthetic operations and only required one 
chromatographic step.  Importantly, this sequence would be adapted to the preparation of 
related analogues.      
 
     To make meaningful changes in the catalysts framework, we would need to better 
understand the importance of the existing functionality and structure.  By way of our 
results, we built an understanding of these key attributes; however, these postulates 
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would need to be challenged by way of direct comparison with other derivatives of 
catalyst 2.23. 
     To do this, we dissected the catalyst into three critical regions (Figure 2.1).  The 
central region encompasses the amino acid, which is responsible for imparting 
asymmetric induction.  The C-terminus of the valine is bound to the chiral amine.  This 
amide was thought to be responsible for hydrogen-bonding with the diol substrate and 
playing a role in the 
asymmetric induction.  From 
the amino acid core on the N-
terminus is located the N-
methylimidazole (NMI) 
moiety.  The silaphilicity of 
the catalyst is attributable to the presence of this functionality.  
     Structural variants of the central chiral amino acid were first evaluated in a parallel 
screening format.  To this end, the catalysts shown in Table 2.7 were synthesized using 
L-amino acids by the method stated previously and used directly in this investigation.  
The results are displayed below.  Alanine (entry 3, R = Me) shows a comparable reaction 
Chapter 2 
Page 67 
 
rate with that of the other catalysts tested here.  However, levels of asymmetric induction 
have been significantly decreased for this sterically less encumbering ligand.  
Interestingly, bulky R groups (entries 2 and 6) from non-proteinogenic amino acids t-
leucine and cyclohexylglycine (respectively) show lower conversions and somewhat 
diminished product enantioselectivities when compared with entry 1 (catalyst 2.23).  This 
was somewhat disappointing considering the previous result with alanine.  The best result 
in terms of enantioselectivity is shown in entry 4.  The catalyst scaffold with isoleucine as 
its base amino acid affords the product with 87% ee and in 65% conversion.  Because this 
moiety contains a resident stereogenic center within its side chain, this prompted us to 
examine its diastereomer, allo-isoleucine, for the reaction (entry 5).  Gratifyingly, this 
catalyst proved less effective suggesting a matched (entry 4) and mismatched (entry 5) 
stereochemical relationship for these two diastereomeric catalysts in the context of this 
transformation.        
      Having identified a more efficient catalyst (2.30) for diol substrate 2.7, we next 
examined other silicophilic moieties for the N-terminus of this system.  As Table 2.8 
illustrates, the reaction efficiency is highly dependent upon the identity of the embedded 
silaphilic moeity.  Entries 6, 7 and 10 are the best in terms of reaction conversion.  
However, enantioselectivities are less than 35% for these catalysts possibly indicating 
that these function in the silylation event, but fail to impart asymmetric induction due to a 
lack of substrate recognition.  Other heterocyclic entities such as thiazole (entry 8) and 
pyridine (entry 9) based catalysts fail completely in this manifold.  This can be attributed 
to their diminished affinity for silicon.  Various substitutions of the NMI ring were 
evaluated against catalyst 2.30 (entry 1).  The results from catalyst 2.33 (entry 2) suggest 
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that steric bulk in the 1-position is detrimental to catalyst turnover and enantioselectivity 
(50% instead of 88% ee). The connectivity of the heterocycle to the chiral backbone was 
also evaluated (entries 3 and 4).  These results exaggerated the importance of the 2-versus 
a 5-substituted chiral NMI catalyst for this reaction.  It can be inferred that there exists an 
intimate spatial arrangement of atoms in catalyst 2.30 with diol 2.7 and when that is 
changed, a deleterious effect (i.e. erosion of asymmetric induction) follows.  Although 
they afford nearly completely racemic materials, when we compare the catalysts in 
entries 3 and 4 (2.34 R = Me and 2.35 R = H) to one another a dramatic effect can be 
seen in their conversion to product.  This might be attributed to a divergence in the 
mechanism of substitution.  Ligand 2.35 may proceed via a four coordinate silylated 
intermediate.
53
  Finally, by adding a subtituent (Ph) at the 4-position of NMI, there is 
complete loss of catalytic activity (entry 5, catalyst 2.36) ascribed to rendering the 
catalyst ineffective because of the bulky substitution.  Through all of this, catalyst 2.30 
still proved to be the most effective for the enantioselective silylation.     
                                                 
53
 1-(trimethylsilyl)imidazole is an effective silylating reagent for alcohols.  As an example, see:  Heberle, 
J. Simchen, G. Silylating Agents, 2
nd
 ed. Buchs, 1995.   
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     The C-terminus was the final domain for investigation.  Since previous results 
indicated that an amide was necessary for asymmetric induction we prepared several 
permutations of isoleucine-derived amide 2.30.  Table 2.9 summarizes our findings in 
this investigation.  Although several secondary amides (entries 2-9) and even a tertiary 
amide (entry 10) were studied for this reaction, none of these molecular edits proved 
better than catalyst 2.30 (entry 1).           
     In addition to studying permutations of the 3 domains of the catalyst, we also 
investigated the functionality embedded in the ligand’s backbone.  Lessons learned could 
prove valuable in ascertaining a possible mechanism for this process.  With these goals in 
mind, we prepared various structural variants of both catalysts 2.23 and 2.30 for study 
with diol 2.7.  Although ligand 2.30 had already proven more effective than valine-
derived 2.23 in the asymmetric transformation, both of these scaffolds were used to build 
functionally diversified catalysts based on their similar reaction profiles.  These results 
are summarized in Table 2.10. The role of the secondary amine of catalyst 2.30 plays a 
critical role in the process as evidenced by comparison with ligands 2.51-2.53.  A 
possible explanation might entail the role of the secondary amine functionality acting as a 
H-bond donor in the transition state for the process.  While catalysts 2.51 and 2.53 do not 
have this ability, amide functionalized 2.52 could participate in this way.  However, 
amide resonance forms (changing bond lengths) could be the basis for its ineptitude.   
Methylation of the amide nitrogen in ligand 2.54 led to slightly decreased levels of 
enantioenriched product 2.13 but showed a significant drop in reaction rate.  Thioamide 
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2.55   performed similarly to ligand 2.54.  Exhaustive reduction of the resident carbonyl 
(catalyst 2.56) of the amide resulted in complete loss of reactivity and enantioselectivity.  
The importance of this amide is likely due to its ability to function as a recognition site 
with the diol substrate 2.7.  Substitution of the stereogenic amine located within the C-
terminus with achiral tert-butylamine (ligand 2.57) leads to an interesting observation.  
Both the enantioselectivity and conversion suffer.  This highlights the significance of this 
stereogenic center.  This is not surprising if one recalls the importance of the relative 
configuration of both stereocenters in diastereomeric ligands 2.22 and 2.23 (Scheme 2.4) 
in this manifold.  Finally, by swapping the amide functionality with a tert-butyl ester 
(catalyst 2.58), there is a profound deleterious effect observed on the course of reaction.  
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This is most likely due to its attenuated Lewis basic behavior.  Importantly, many other 
variations of these catalysts would be made; however, none would prove as effective 
(with the exception of ligand 2.28, see section 2.6 for details). 
 
2.5 Mechanistic considerations for the catalytic system 
     Having observed high levels of bis-silylated compound 2.14 in the course of our 
model studies (~20%), we pondered the plausibility of a secondary kinetic resolution that 
would serve to enhance the observed optical purity of mono-silylated diol 2.13 by 
reacting preferentially with the less abundant enantiomer of compound 2.13.  To 
challenge this assertion, we subjected racemic compound 2.13 to the silylation reaction 
illustrated in Scheme 2.5 (eq. 2.1).  From this result, a corrective kinetic resolution was 
not operational.  Furthermore, it indirectly implied the significance of having two 
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hydroxyl functionalities resident in the substrate for the success of the enantioselective 
silylation.   
     To further probe this, studies aimed at the kinetic resolution of racemic 1,2 diol 2.59 
were conducted (eq. 2.2).  From this, only ~26% ee of product 2.60 is observed at 40% 
conversion.  This result suggested that not only would this catalytic system require two 
hydroxyl functionalities, but also the stereochemical relationship of these should be syn.  
One might also point out that these might need to be in a 1,3 rather than a 1,2 
arrangement.  Although, by this time we had evidence for the success of meso-1,2 diols 
applied to this process.   
     Finally, we surmised that one of the two hydroxyls was critical to catalyst-substrate 
recognition (through H-bonding) and the other was functionalized by way of proximity.  
This was challenged by investigating the use of racemic alcohol 2.61 (eq. 2.3).  When 
this reaction was run in parallel using NMI instead of catalyst 2.28, the reaction 
proceeded in 60% conversion.  In comparison, the reaction conditions described in 
Scheme 2.5 (eq. 2.3) illustrate only 13% conversion to product 2.62.  Since both the 
product 2.62 and starting material 2.61 are recovered racemically, this model lends 
further evidence to our working mechanistic hypothesis.  
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       Having amassed this 
information, we now had a 
better indication of how the 
ligand operates in this reaction.  
Key functional attributes of this 
catalyst and their importance are outlined in Figure 2.2. To summarize, the NMI moiety 
proved critical to reaction turnover, while the central amino acid region provided a chiral 
domain where substrates could bind.  Finally, by introducing an additional stereogenic 
center in a “matched-sense” by way of the peptide coupling of the C-terminus, enhanced 
levels of optically pure product could be obtained for the silylative process.  
     Nonlinear effect studies revealed a linear relationship between the optical purity of 
ligand and the observed level of enantioselectivity of the product.  Figure 2.3 illustrates 
this phenomenon. 
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This linear relationship between the optical purities of the catalyst and product suggests a 
monomeric catalyst species is likely responsible for substrate binding and asymmetric 
induction.
54
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     The culmination of our investigations led us to propose the transition state model 
illustrated in Figure 2.4, which explains the absolute configuration of the product.  
Activation of TBS-Cl by a substrate-associated catalyst through two-point hydrogen 
bonding interaction positions the enantiotopic hydroxyl of the diol for substitution.  This 
may or may not occur via the intermediacy of a hexacoordinate Si-complex.  Either way, 
once the O-Si bond is formed, the catalyst in its proximity can serve as a general base in 
order to deprotonate the oxonium spieces.  The ligand can now dissociate from silicon 
and then await proton 
abstraction by DIPEA, which 
leads to catalyst turnover.  
The model implies that the 
origin of enantioselectivity 
arises from the difference in 
energy between the sterics of 
the bridging methylene and that of the endocyclic olefin in the substrate-catalyst 
complex.        
2.6 Application of this method to additional meso-diol substrates 
Having identified an effective chiral catalyst scaffold (based on 2.23 and 2.30), proper 
reagent ratios and suitable reaction parameters, we sought to expand the substrate scope 
for this reaction.  Our mechanistic explorations had suggested that meso-diols might be 
excellent subjects for this silylation.  Fortunately, this proved true.  Early investigations 
provided evidence to suggest our process might be general in the context of this class of 
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substrates.  Scheme 2.6 illustrates this point.  Cursory studies on both acyclic 1,2 diol 
2.63  and cyclic 1,2 diol 2.66 revealed that mono-silylated diol products 2.64 and 2.67 
could be isolated in 42% ee and 70% ee, respectively.  Conversions for these reactions 
were nearly quantiative.  Also, low levels of over-silylated products (2.65 and 2.68) for 
each process were observed (<5 %).  Of   note,  catalyst  2.28   was  used  for these  
reactions  because  it   afforded  higher  levels  of optically pure product.  With the 
exception of our original model substrate 2.7, further studies would establish tert-leucine 
derived ligand 2.28 as the optimal catalyst for all of the meso-diols studied in the context 
of this enantioselective silylation. 
     The catalytic asymmetric silylation methodology proved successful for the meso-diol 
substrates whose products are depicted in Table 2.11.  With some fine-tuning of the 
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parameters, each substrate was modified for optimal yield and optical purity.  Amazingly, 
our model substrate 2.7 that was used in our initial investigations proved to be the least 
selective example for this silylation (entry 1).  In addition, this substrate led to 
abnormally high levels of bis-silylated product when compared to entries 2-10 (30-34% 
bis-product for entry 1 vs.  <3 % for entries 2-10).  Overall, the yields for this reaction 
were moderate to excellent (67-96%).  The other 1,3 diol studied in this manifold (entry 
2) yielded product 2.69 in 96% ee.  This is interesting if one considers the difference 
between entry 1 (least selective) and 2 (most selective) is the unsaturation.  Precursor 
cyclic 1,2 meso-diol substrates from entries 3-8 are outstanding in this format.  This 
catalyst will accommodate various ring structures (5-8) for the reaction.  Acyclic 1,2 
meso-diols are also good participants as products 2.65 and 2.75 (entries 9 and 10) can be 
isolated in 90% and 92% ee, respectively.   
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      This catalytic protocol does not require anaerobic conditions, rigorous exclusion of 
moisture or even distilled solvents.  It is operationally simple to carry out.  The reaction 
makes use of commercially available solvents, base and chlorosilanes.  Of note, even 
chiral catalyst 2.28 can now be ordered from Aldrich (X-ray structure illustrated in 
Figure 2.5).
55
  Although the process requires a high loading of catalyst (20-30%), the 
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 Marketed as Hoveyda-Snapper Desymmetrization Catalyst.   
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reaction workup allows for simple catalyst re-
isolation (acid-base extraction).  Finally, recovered 
catalyst has been shown to function in the reaction 
for several iterations with equal efficiency.  These 
features showcase the power of this asymmetric 
catalytic methodology. 
     
2.7 Study of other commonly utilized chlorosilanes  
     Additional information regarding this process merits mention.  All of the work 
previously described here encompasses the TBS functionality in the optically pure 
product; however, studies performed with other versions (triethylsilyl and 
triisopropylsilyl chloride) of this silicon-based electrophile proved successful in this 
transformation.  Scheme 2.7 demonstrates the efficiency of this process when it is used in 
conjunction with other commonly utilized, commercially available chlorosilanes.   
     The reaction with TES-Cl requires dilution to suppress high levels of oversilylated 
product (~50%).  Nonetheless, under ideal conditions, mono-protected diol 2.76 could be 
isolated in 94% yield and 86% ee (eq. 2.6).     
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     On the other hand, using the sterically encumbered TIPS-Cl required forcing 
conditions in order to achieve conversion.  Although the reaction time is long (5 days), 
the product 2.77 is realized with 93% ee and in good yield.  Attempts to boost the optical 
purity of this product by further cooling the reaction proved futile because the reaction 
failed to proceed.  
     The silylation that we have described here still presents many exciting future 
opportunities in synthesis.  For instance, the success in the using other silylating agents 
with our catalytic system indicates that many diverse chlorosilanes could conceivably 
function in this context.  This opens up the possibility of running tandem processes if 
appropriately substituted products could be isolated.  Also, given our achievements with 
catalyst 2.28, it is likely that the modularity of this catalyst would lend itself well to 
substrate tailoring if needed.  This was proven by the extension of catalyst 2.30 to our 
original model substrate 2.7 for this reaction (81% ee vs. 87% ee).  One could engage in 
the kinetic resolutions of racemic alcohols.  Still yet there remains the challenge of 
synthesizing molecules stereogenic at silicon in high optical purity.  Perhaps systems like 
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these or adaptations from information gathered here and elsewhere will be suitable to 
meet these needs. 
 
2.8 Conclusions 
     In summary, we have developed the first catalytic system for enantioselective 
silylation.  The system is remarkably simple to execute.  The tert-leucine derived catalyst 
is marketed and made commercially available by Aldrich Chemical Company.  Only four 
synthetic steps are required to produce this small-molecule catalyst (MW 308.46).  In 
addition, we have demonstrated that an impressive array of 1,2 and 1,3 meso-diols will 
undergo this transformation in the presence of various silylating agents with substantial 
efficiency.  Given the importance of optically enriched silylethers as important building 
blocks or advanced intermediates, this method should find use in the synthetic 
community. 
 
2.9 Experimental and supporting information 
General Information.  Infrared (IR) spectra were recorded on a Perkin Elmer 781 
spectrophotometer, max in cm
-1
.  Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w).  
1
H NMR spectra were recorded on a Varian GN-400 (400 
MHz).  Chemical shifts are reported in ppm with the solvent reference as the internal 
standard (CHCl3:  7.26).  Data are reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 
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and coupling constants (Hz).  
13
C NMR spectra were recorded on a Varian GN-400 (100 
MHz) with complete proton decoupling.  Melting points (MP) were taken with a 
Laboratory Devices Melt-Temp and are uncorrected.  Enantiomer ratios were determined 
by chiral stationary pahse gas liquid chromatography (GLC) on a Hewlett Packard HP 
6890 with a Beta Dex 120 (30 m x 0.25 mm x 0.25 μm film thickness) or a Gamma Dex 
120 (30 m x 0.25 mm x 0.25 μm film thickness) column by Supelco in comparison with 
authentic racemic materials.  Optical rotations were measured on a Rudolph Research 
Analytical Autopol IV Automatic Polarimeter.  Elemental analyses (Anal) were 
performed by Robertson Microlit Laboratories, Inc., Madison, NJ, and are reported in 
percent abundance.  High resolution mass spectrometry (HRMS) was performed by the 
University of Illinois mass spectrometry laboratories (Urbana, Illinois). 
All reactions were conducted under open atmosphere in 10 x 75 mm borosilicate 
test tubes.  All commercially available reagents listed below were used as received for the 
reactions without any purification.  Liquid reagents were handled with a Gilson 
Pipetman.  THF and toluene were dried on alumina columns using a solvent dispensing 
system.  1-(3-Dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC) and 1-
hydroxybenzotriazole hydrate (HOBt), all amino acids were purchased from Advanced 
ChemTech; all amines for catalyst synthesis, 1-Methyl-2-imidazolecarboxaldehyde, 4.0 
M hydrogen chloride in 1,4-dioxane), and sodium borohydride were purchased from 
Lancaster or Aldrich.  tert-Butyldimethylsilyl chloride (TBSCl), chlorotriethylsilane 
(TESCl), chlorotriisopropylsilane (TIPSCl) and diisopropylethyl- amine (DIPEA) were 
purchased from Aldrich.  cis-4-Cyclopenten-1,3-diol was purchased from Fluka, cis-1,2-
cyclopentanediol, cis-1,2-cyclohexanediol, cis-1,2-cyclooctanediol, 2,3-meso- butanediol 
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and 1,5-hexadien-3,4-diol were from Aldrich.  cis-4-Cyclopentan-1,3-diol was 
synthesized via hydrogenation of cis-4-cyclopenten-1,3-diol;
56
 cis-cycloheptane-1,2-diol, 
cis-cyclohex-4-ene-1,2-diol and cis-cyclooct-5-ene-1,2-diol were synthesized by cis-
dihydroxylation of the corresponding alkenes.
57 
(S)-N-((R)-3,3-dimethylbutan-2-yl)-3,3-dimethyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)butanamide (2.28).  Boc-tert-Leucine (2.3 g, 10 mmol) and (R)-3,3-
dimethyl-2-butylamine (1.3 mL, 10 mmol) were 
dissolved in 40 mL CH2Cl2 in a 100 mL round bottom 
flask.  To this solution were added EDC (2.1 g, 11 
mmol), HOBt (1.7 g, 11 mmol) and DIPEA (4.4 mL, 25 mmol).  The reaction mixture 
was allowed to stir for 16 h at room temperature after which time 15 mL of 10 % citric 
acid was added.  The organic layer was separated and washed with 15 mL saturated 
NaHCO3 and then 15 mL brine, dried over anhydrous Na2SO4, filtered, and concentrated 
under reduced pressure to yield a white solid.  This white solid was placed in a round-
bottom flask and cooled to 0 
o
C, HCl/dioxane (7.5 mL of 4.0 M solution) was then added 
via syringe.  The reaction mixture was allowed to warm to room temperature over 1 h and 
was then concentrated.  The crude product was dissolved in water and basified with 3 N 
NaOH until pH 12.  The mixture was extracted with CH2Cl2 (3 x 15 mL), washed with 
brine (1 x 10 mL), and then dried over anhydrous Na2SO4.  After filtration and removal 
of the solvent the crude amine was dissolved in 5 mL of CH2Cl2, followed by the addition 
                                                 
56
 Chen, Z.; Halterman, R. L. Organometallics 1994, 13, 3932-3942. 
57
 VanRheenen, V.; Kelly R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 17, 1973-1976. 
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of 1-methyl-2-imidazolecarboxaldehyde (1.1 g, 10 mmol) and MgSO4.  The mixture was 
allowed to stir for 12 h at room temperature, filtered and concentrated to give a white 
solid.  The crude material was dissolved in MeOH and cooled to 0 
o
C.  To this solution 
was added NaBH4 (1.1 g, 30 mmol) and 2 drops of conc. HCl.  The reaction mixture was 
allowed to stir for 0.5 h at 0 
o
C and then 1 h at room temperature, after which time 
saturated NaHCO3 was added to quench the reaction.  The mixture was extracted with 
CH2Cl2 (3 x 15 mL), washed with brine (1 x 10 mL), dried over anhydrous Na2SO4 and 
concentrated to yield the crude catalyst as a beige solid.  Purification by chromatography 
(CH2Cl2 to 98:2 CH2Cl2:MeOH) yielded 3.126 as a white solid (1.9 g, 61%).  MP: 130.8-
132.0 
o
C.  IR: 3362 (br), 3267 (br), 3060 (m), 3025, (m), 2921 (s), 1660 (s), 1366 (w), 
1034 (w) cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 6.94 (1H, d, J = 1.2 Hz), 6.82 (1H, d, J = 
1.2 Hz), 6.51 (1H, d, J = 10.0 Hz), 3.91 (1H, dq, J = 9.6, 6.8 Hz), 3.80 (1H, d, J = 14.0 
Hz), 3.62 (3H, s), 3.61 (1H, d, J = 14.0 Hz), 2.68 (1H, s), 2.15 (1H, br, s), 1.06 (3H, d, J 
= 6.8 Hz), 0.97 (9H, s), 0.92 (9H, s).  
13
C NMR (CDCl3, 100 MHz): δ 171.9, 146.1, 
127.5, 121.2, 72.5, 52.9, 44.8, 34.3, 34.2, 32.9, 27.5, 26.7, 16.8.  HRMS (m/z + H): 
Calculated: 309.2654; Found: 309.2652.  Optical Rotation: [α]27D  -95  (c = 3.0, CHCl3). 
(S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((S)-1-
phenylethyl)butanamide (2.20).  IR: 3471 (br), 3314 (br), 3068 (w), 3031 (w), 2974 
(m), 1659 (s), 1556 (m), 1508 (m), 1457 (m), 1383 (w), 
1287 (w), 1237 (w), 1140 (w), 708 (s) cm
-1
.  1H NMR 
(CDCl3, 400 MHz): δ 7.34-7.14 (6H, m), 6.84 (1H, d, J 
= 0.8 Hz), 6.68 (1H, d, J = 0.8 Hz), 5.11 (1H, dq, J = 8.4, 6.8 Hz), 3.57 (2H, s), 3.21 (3H, 
s), 2.79 (1H, d, J = 4.8 Hz), 2.04-1.94 (1H, m), 1.44 (3H, d, J = 6.8 Hz), 0.89 (3H, d, J = 
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7.2 Hz), 0.86 (3H, d, J = 6.8 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.2, 145.9, 143.5, 
128.7, 127.39, 127.36, 126.4, 121.2, 68.6, 48.5, 44.8, 32.5, 31.8, 21.9, 19.8, 18.5.  Anal 
Calcd for C18H26N4O: C, 68.76; H, 8.33; N, 17.82.  Found C, 68.03; H, 8.54; N, 17.55.  
Optical Rotation: [α]27D  -108  (c = 1.0, CHCl3). 
(S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)butanamide (2.23).  MP: 79.0-80.1 
o
C.  IR: 3314 (m), 2968 (s), 2880 
(m), 2370 (w), 1646 (s), 1539 (m), 1513 (m), 1476 (m), 1369 
(m), 1290 (m), 1231(w), 1143 (m), 828 (w), 746 (m) cm
-1
.  
1
H NMR (CDCl3, 400 MHz): δ 6.98-6.92 (1H, m), 6.95 (1H, 
d, J = 1.2 Hz), 6.82 (1H, d, J = 1.6 Hz), 3.88 (1H, dq, J = 10.0, 6.8 Hz), 3.79 (1H, d, J = 
14.0 Hz), 3.69 (1H, d, J = 14.0 Hz), 3.61 (3H, s), 2.84 (1H, d, J = 5.6 Hz), 2.09-1.98 (1H, 
m), 1.05 (3H, d, J = 6.8 Hz), 0.97 (3H, d, J = 6.8 Hz), 0.93 (3H, t, J = 6.8 Hz), 0.91 (9H, 
s).  
13
C NMR (CDCl3, 100 MHz): δ 172.4, 146.0, 127.5, 121.2, 69.3, 52.7, 45.0, 34.2, 
32.9, 31.8, 26.7, 20.0, 18.7, 16.8.  Anal Calcd for C16H30N4O: C, 65.27; H, 10.27; N, 
19.03.  Found C, 64.99; H, 10.47; N, 18.82.  Optical Rotation: [α]27D  -59  (c = 1.0, 
CHCl3). 
(S)-2-cyclohexyl-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-methyl-1H-imidazol-2-
yl)methylamino)acetamide (2.32).  MP: 172-174 
o
C.  IR: 3320 (br), 2936 (s), 2854 (m), 
1652 (s), 1551 (m), 1457 (m), 1375 (w), 1287 (w), 1136 (w), 
739 (m) cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 6.94 (1H, d, J 
= 9.2 Hz), 6.93 (1H, d, J = 1.2 Hz), 6.80 (1H, d, J = 1.2 Hz), 
3.86 (1H, dq, J = 9.6, 6.4 Hz), 3.76 (1H, d, J = 14.0 Hz), 3.66 (1H, d, J = 14.0 Hz), 3.59 
(3H, s), 2.83 (1H, d, J = 5.2 Hz), 2.10-1.98 (1H, br, s), 1.76-1.56 (7H, m), 1.26-1.07 (4H, 
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m), 1.03 (3H, d, J = 6.8 Hz), 0.89 (9H, s).  
13
C NMR (CDCl3, 100 MHz): δ 172.4, 146.0, 
127.5, 121.2, 69.0, 52.7, 45.0, 41.6, 34.2, 32.8, 30.5, 29.2, 26.7, 26.5, 26.4, 16.8.  Anal 
Calcd for C19H34N4O: C, 68.22; H, 10.25; N, 16.75.  Found C, 68.23; H, 10.60; N, 16.66.  
Optical Rotation: [α]27D  -56  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-
2-yl)methylamino)pentanamide (2.34).  MP: 101.5-103.0 
o
C.  IR: 3320 (br), 2961 (s), 
2873 (m), 1646 (s), 1501 (m), 1463 (m), 1369 (m), 1281 (w), 
1136 (w), 815 (w), 734 (w) cm
-1
.  1H NMR (CDCl3, 400 
MHz): δ 6.95 (1H, d, J = 1.2 Hz), 6.92 (1H, d, J = 9.6 Hz), 
6.82 (1H, d, J = 1.2 Hz), 3.88 (1H, dq, J = 9.6, 6.8 Hz), 3.78 (1H, d, J = 14.0 Hz), 3.69 
(1H, d, J = 14.0 Hz), 3.61 (3H, s), 2.90 (1H, d, J = 5.6 Hz), 2.00-1.95 (1H, br, s), 1.80-
1.70 (1H, m), 1.60-1.49 (1H, m), 1.24-1.00 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 0.93 (3H, 
d, J = 6.8 Hz), 0.91 (9H, s), 0.85 (3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 
172.4, 146.0, 127.5, 121.2, 68.1, 52.8, 44.9, 38.5, 34.2, 32.9, 26.7, 25.7, 16.8, 16.2, 11.7.  
Anal Calcd for C17H32N4O: C, 66.19; H, 10.46; N, 18.16.  Found C, 66.25; H, 10.62; N, 
18.21.  Optical Rotation: [α]27D  -76  (c = 1.0, CHCl3). 
(2S,3R)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-
2-yl)methylamino)pentanamide (2.31).  MP: 138.9-140.2 
o
C.  IR: 3333 (br), 2974 (s), 
2880 (m), 1658 (s), 1526 (m), 1464 (m), 1375 (m), 1293 (w), 
1230 (w), 1142 (m), 1099 (w), 822 (w), 765 (m) cm
-1
.  1H 
NMR (CDCl3, 400 MHz): δ 7.08 (1H, d, J = 9.2 Hz), 6.91 
(1H, d, J = 0.8 Hz), 6.78 (1H, d, J = 1.2 Hz), 3.82 (1H, dq, J = 9.6, 6.8 Hz), 3.74 (1H, d, J 
= 14.0 Hz), 3.65 (1H, d, J = 14.0 Hz), 3.57 (3H, s), 2.65 (1H, d, J = 4.4 Hz), 2.00-1.88 
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(1H, br, s), 1.80-1.78 (1H, m), 1.46-1.34 (1H, m), 1.28-1.16 (1H, m), 1.05 (3H, d, J = 6.8 
Hz), 0.89 (9H, s), 0.86-0.80 (6H, m).  
13
C NMR (CDCl3, 100 MHz): δ 172.5, 145.9, 
127.5, 121.1, 67.2, 52.7, 45.0, 38.1, 34.2, 32.8, 27.0, 26.6, 16.7, 14.9, 12.2.  Anal Calcd 
for C17H32N4O: C, 66.19; H, 10.46; N, 18.16.  Found C, 66.05; H, 10.50; N, 18.15.  
Optical Rotation: [α]27D  -68  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-phenyl-1H-imidazol-2-
yl)methylamino)pentanamide (2.33).  MP: 67.4-68.8 
o
C.  IR: 3320 (br), 3056 (w), 2961 
(s), 2873 (m), 1652 (s), 1507 (s), 1457 (m), 1381 (w), 1310 
(w), 1224 (w), 1136 (w), 922 (w), 771 (m), 746 (m), 702 (m) 
cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 7.50-7.40 (3H, m), 
7.32-7.27 (2H, m), 7.10 (1H, d, J = 1.2 Hz), 7.03 (1H, d, J = 1.2 Hz), 6.95 (1H, d, J = 
10.0 Hz), 3.75 (1H, dq, J = 9.6, 6.8 Hz), 3.73 (1H, d, J = 14.0 Hz), 3.63 (1H, d, J = 14.0 
Hz), 2.94 (1H, d, J = 5.6 Hz), 2.14-1.90 (1H, br, s), 1.80-1.68 (1H, m), 1.60-1.46 (1H, 
m), 1.26-1.10 (1H, m), 0.92 (3H, d, J = 7.2 Hz), 0.85 (3H, t, J = 8.0 Hz), 0.84 (9H, s), 
0.81 (3H, d, J = 6.8 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.1, 146.1, 137.3, 129.7, 
128.7, 128.2, 125.7, 121.2, 68.1, 52.6, 44.8, 38.5, 34.2, 26.7, 25.8, 16.4, 16.3, 11.9.  Anal 
Calcd for C22H34N4O: C, 71.31; H, 9.25; N, 15.12.  Found C, 71.10; H, 9.32; N, 15.03.  
Optical Rotation: [α]27D  -60  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-4-phenyl-1H-
imidazol-2-yl)methylamino)pentanamide (2.36).  MP: 91.0-92.2 
o
C.  IR: 3326 (br), 
3068 (w), 2967 (s), 2880 (m), 1652 (s), 1520 (s), 1463 (m), 
1375 (w), 1205 (w), 1136 (w), 960 (w), 916 (w), 821 (w), 
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760 (m), 695 (m) cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 7.72 (2H, d, J = 7.2 Hz), 7.35 
(2H, t, J = 7.6 Hz), 7.21 (1H, t, J = 7.2 Hz), 7.11 (1H, s), 6.87 (1H, d, J = 9.6 Hz), 3.90 
(1H, dq, J = 9.6, 6.8 Hz), 3.83 (1H, d, J = 14.0 Hz), 3.75 (1H, d, J = 14.0 Hz), 3.66 (3H, 
s), 2.89 (1H, d, J = 6.0 Hz), 2.16-2.00 (1H, br, s), 1.80-1.70 (1H, m), 1.63-1.52 (1H, m), 
1.25-1.12 (1H, m), 1.06 (3H, d, J = 6.8 Hz), 0.94 (9H, s), 0.93 (3H, t, J = 8.4 Hz), 0.85 
(3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.5, 146.4, 140.2, 134.2, 128.6, 
126.7, 124.7, 117.0, 67.7, 52.9, 44.7, 38.4, 34.2, 33.1, 26.7, 25.8, 16.8, 16.3, 11.6.  Anal 
Calcd for C22H34N4O: C, 71.83; H, 9.44; N, 14.57.  Found C, 71.61; H, 9.65; N, 14.42.  
Optical Rotation: [α]27D  -56  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((S)-1-(1-methyl-1H-
imidazol-2-yl)ethylamino)pentanamide (2.37).  IR: 3339 (br), 2961 (s), 2967 (s), 2879 
(m), 1665 (s), 1520 (s), 1463 (m), 1381 (m), 1287 (m), 1224 
(w), 1142 (m), 922 (w), 821 (w), 777 (m), 733 (m) cm
-1
.  1H 
NMR (CDCl3, 400 MHz): δ 7.17 (1H, d, J = 10.0 Hz), 6.94 
(1H, d, J = 0.8 Hz), 6.73 (1H, d, J = 1.2 Hz), 3.82 (1H, dq, J = 10.0, 6.8 Hz), 3.62 (1H, q, 
J = 6.8 Hz), 3.56 (3H, s), 2.59 (1H, d, J = 5.6 Hz), 2.30-2.14 (1H, br, s), 1.68-1.58 (1H, 
m), 1.51-1.43 (1H, m), 1.40 (3H, d, J = 6.8 Hz), 1.17-1.08 (1H, m), 1.09 (3H, d, J = 6.8 
Hz), 0.92 (9H, s), 0.83 (3H, d, J = 7.2 Hz), 0.77 (3H, t, J = 7.6 Hz).  
13
C NMR (CDCl3, 
100 MHz): δ 172.7, 150.4, 127.4, 120.6, 66.6, 52.8, 48.9, 38.6, 34.2, 32.8, 26.7, 25.7, 
22.4, 16.7, 16.1, 11.6.  Anal Calcd for C22H34N4O: C, 67.04; H, 10.63; N, 17.37.  Found 
C, 66.86; H, 10.83; N, 17.27.  Optical Rotation: [α]27D  -87  (c = 1.0, CHCl3). 
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(S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-(thiazol-2-
ylmethylamino)butanamide (2.39).  MP: 72.0-73.5 
o
C.  IR: 3314 (br), 3081 (w), 2967 
(s), 2880  (w), 1646 (s), 1520 (m), 1469 (w), 1375 (w), 1224 
(w), 1186 (w), 1143 (m), 815 (w), 777 (w), 720 (m) cm
-1
.  1H 
NMR (CDCl3, 400 MHz): δ 7.72 (1H, d, J = 3.2 Hz), 7.27 
(1H, d, J = 3.2 Hz), 7.01 (1H, d, J = 9.6 Hz), 4.08 (1H, d, J = 14.8 Hz), 3.99 (1H, d, J = 
15.6 Hz), 3.84 (1H, dq, J = 10.0, 6.8 Hz), 2.98 (1H, d, J = 5.2 Hz), 2.20-2.00 (2H, m), 
1.02 (3H, d, J = 6.8 Hz), 0.99 (3H, d, J = 6.8 Hz), 0.94 (3H, d, J = 6.8 Hz), 0.90 (9H, s).  
13
C NMR (CDCl3, 100 MHz): δ 172.0, 170.3, 142.8, 119.0, 68.7, 52.8, 50.4, 34.2, 31.6, 
26.7, 20.1, 18.4, 16.7.  Anal Calcd for C15H27N3OS: C, 60.57; H, 9.15; N, 14.13.  Found 
C, 59.99; H, 8.99; N, 13.82.  Optical Rotation: [α]27D  -36  (c = 1.0, CHCl3). 
(S)-2-((4-(dimethylamino)pyridin-2-yl)methylamino)-N-((R)-3,3-
dimethylbutan-2-yl)-3-methylbutanamide (2.41).  MP: 97.0-98.4 
o
C.  IR: 3326 (br), 
2967 (s), 2873  (m), 1652 (m), 1614 (s), 1550 (m), 
1526 (m), 1469 (m), 1390 (m), 1231 (w), 1136 (w), 
1073 (w), 1004 (w), 809 (w) cm
-1
.  1H NMR (CDCl3, 
400 MHz): δ 8.15 (1H, d, J = 6.0 Hz), 7.43 (1H, d, J = 9.6 Hz), 6.38 (1H, d, J = 6.4 Hz), 
6.37 (1H, s), 3.82 (1H, dq, J = 8.4, 6.4 Hz), 3.72 (1H, d, J = 14.0 Hz), 3.57 (1H, d, J = 
14.0 Hz), 2.99 (6H, s), 2.97 (1H, d, J = 5.2 Hz), 1.84-1.72 (1H, m), 1.58-1.46 (1H, m), 
1.24-1.10 (1H, m), 1.04 (3H, d, J = 6.8 Hz), 0.92 (3H, d, J = 6.8 Hz), 0.89 (9H, s), 0.84 
(3H, d, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.7, 158.5, 154.9, 149.0, 105.4, 
105.3, 67.8, 54.8, 52.7, 39.4, 38.6, 34.2, 26.7, 25.6, 16.6, 16.4, 12.0.  Anal Calcd for 
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C20H36N4O: C, 68.92; H, 10.41; N, 16.08.  Found C, 68.63; H, 10.49; N, 15.79.  Optical 
Rotation: [α]27D  -52  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-1-cyclohexylethyl)-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)pentanamide (2.43).  MP: 101.0-102.5 
o
C.  IR: 3307 (br), 2968  (m), 
2962 (s), 2867 (m), 1646 (s), 1551 (m), 1513 (m), 1463 (m), 1381 
(w), 1287 (w), 1142 (w), 739 (m) cm
-1
.  1H NMR (CDCl3, 400 
MHz): δ 6.94 (1H, m), 6.90 (1H, d, J = 10.0 Hz), 6.81 (1H, m), 
3.90-3.80 (1H, m), 3.76 (1H, d, J = 14.0 Hz), 3.67 (1H, d, J = 14.0 Hz), 3.59 (3H, s), 2.89 
(1H, d, J = 5.2 Hz), 2.06-1.94 (1H, br, s), 1.80-1.00 (14H, m), 1.06 (3H, d, J = 6.8 Hz), 
0.91 (3H, d, J = 6.8 Hz), 0.84 (3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.3, 
146.0, 127.5, 121.2, 68.0, 49.2, 45.0, 43.2, 38.6, 32.8, 29.4, 29.3, 26.7, 26.5, 25.7, 18.3, 
16.2, 11.8.  Anal Calcd for C19H34N4O: C, 68.22; H, 10.25; N, 16.75.  Found C, 68.08; H, 
10.51; N, 16.51.  Optical Rotation: [α]27D  -60  (c = 1.0, CHCl3). 
(2S,3S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((R)-1-
(naphthalen-1-yl)ethyl)pentanamide (2.44).  MP: 92.6-94.0 
o
C.  IR: 3301 (br), 3062 
(w), 2974 (m), 2936 (m), 2879 (w), 1658 (s), 1545 (m), 
1507 (m), 1463 (m), 1382 (w), 1290 (w), 1224 (w), 1130 
(w), 796 (m), 770 (s), 746 (m) cm
-1
.  1H NMR (CDCl3, 
400 MHz): δ 8.13 (1H, d, J = 8.4 Hz), 7.84 (1H, d, J = 8.0 
Hz), 7.78 (1H, d, J = 8.0 Hz), 7.58-7.40 (4H, m), 7.38 (1H, d, J = 8.4 Hz), 6.91 (1H, d, J 
= 1.2 Hz), 6.78 (1H, d, J = 0.8 Hz), 5.97 (1H, dq, J = 8.4, 6.8 Hz), 3.80 (1H, d, J = 14.0 
Hz), 3.70 (1H, d, J = 14.0 Hz), 3.57 (3H, s), 2.98 (1H, d, J = 5.2 Hz), 2.05-1.90 (1H, br, 
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s), 1.82-1.70 (1H, m), 1.65 (3H, d, J = 6.8 Hz), 1.48-1.35 (1H, m), 1.12-1.00 (1H, m), 
0.85 (3H, d, J = 6.8 Hz), 0.77 (3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.2, 
146.0, 138.5, 133.9, 131.1, 128.8, 128.3, 127.5, 126.3, 125.8, 125.2, 123.7, 122.6, 121.2, 
67.9, 45.0, 44.3, 38.5, 32.8, 25.5, 21.4, 16.2, 11.7.  Anal Calcd for C23H30N4O: C, 72.98; 
H, 7.99; N, 14.80.  Found C, 72.94; H, 8.14; N, 14.80.  Optical Rotation: [α]27D  -45  (c = 
1.0, CHCl3). 
(2S,3S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((R)-
1,2,3,4-tetrahydronaphthalen-1-yl)pentanamide (2.45).  MP: 73.0-74.6 
o
C.  IR: 3295 
(br), 2961 (s), 2942 (s), 2879 (m), 1652 (s), 1545 (m), 1507 
(s), 1457 (m), 1287 (w), 1224 (w), 1092 (w), 840 (w), 759 (s) 
cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 7.60-7.22 (2H, m), 
7.20-7.12 (2H, m), 7.12-7.04 (1H, m), 6.89 (1H, d, J = 1.6 
Hz), 6.79 (1H, d, J = 1.6 Hz), 5.24-5.16 (1H, m), 3.82 (1H, d, J = 14.0 Hz), 3.70 (1H, d, J 
= 14.0 Hz), 3.58 (3H, s), 2.94 (1H, d, J = 5.6 Hz), 2.86-2.70 (2H, m), 2.30-2.12 (1H, br, 
s), 2.10-2.00 (1H, m), 1.88-1.74 (4H, m), 1.60-1.48 (1H, m), 1.26-1.12 (1H, m), 0.94 
(3H, d, J = 6.8 Hz), 0.85 (3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.6, 
146.0, 137.5, 136.6, 129.2, 128.9, 127.3, 126.3, 121.2, 67.5, 47.4, 44.8, 38.6, 32.8, 30.6, 
29.6, 25.6, 20.3, 16.3, 11.7.  Anal Calcd for C21H30N4O: C, 71.15; H, 8.53; N, 15.80.  
Found C, 70.84; H, 8.67; N, 15.53.  Optical Rotation: [α]27D  -21  (c = 1.0, CHCl3). 
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(2S,3S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-(2,2,4,4-
tetramethylpentan-3-yl)pentanamide (2.46).  MP: 59.6-61.0 
o
C.  IR: 3339 (br), 2967 
(s), 2880 (m), 1658 (s), 1513 (m), 1470 (m), 1375 (m), 1287 
(w), 1224 (w), 1086 (w), 739 (m) cm
-1
.  1H NMR (CDCl3, 
400 MHz): δ 7.29 (1H, d, J = 10.8 Hz), 6.94 (1H, d, J = 1.2 
Hz), 6.81 (1H, d, J = 1.2 Hz), 3.90 (1H, d, J =14.4 Hz), 3.74 (1H, d, J = 14.4 Hz), 3.66 
(1H, d, J = 10.8 Hz), 3.61 (3H, s), 2.95 (1H, d, J = 5.2 Hz), 2.22-2.14 (1H, br, s), 1.88-
1.78 (1H, m), 1.58-1.48 (1H, m), 1.24-1.10 (1H, m), 1.02 (9H, s), 1.01 (9H, s), 0.94 (3H, 
d, J = 7.2 Hz), 0.83 (3H, t, J = 7.6 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 172.6, 146.1, 
127.6, 121.2, 67.8, 63.2, 45.4, 38.4, 37.4, 37.0, 32.9, 30.0, 29.9, 25.4, 16.8, 11.8.  Anal 
Calcd for C20H38N4O: C, 68.53; H, 10.93; N, 15.98.  Found C, 68.28; H, 10.68; N, 15.81.  
Optical Rotation: [α]27D  -54  (c = 1.0, CHCl3). 
(2S,3S)-N-tert-butyl-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)pentanamide (2.47).  MP: 104.0-106.0 
o
C.  IR: 3471 (w), 3320 (br), 
2970 (s), 2936 (m), 2873 (m), 1655 (s), 1558(m), 1513 (m), 
1463 (m), 1375 (m), 1293 (m), 1231 (m), 770 (s), 739 (w) 
cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 6.92 (1H, s), 6.81 (1H, 
s), 6.75 (1H, s), 3.76 (1H, d, J = 14.4 Hz), 3.70 (1H, d, J = 14.4 Hz), 3.61 (3H, s), 2.73 
(1H, d, J = 5.6 Hz), 2.00-1.86 (1H, br, s), 1.74-1.62 (1H, m), 1.56-1.44 (1H, m), 1.33 
(9H, s), 1.19-1.07 (1H, m), 0.87 (3H, d, J = 6.8 Hz), 0.82 (3H, t, J = 7.2 Hz).  
13
C NMR 
(CDCl3, 100 MHz): δ 172.4, 146.1, 127.4, 121.2, 68.0, 50.9, 44.9, 38.6, 32.9, 29.1, 25.6, 
16.1, 11.8.  Anal Calcd for C15H28N4O: C, 64.25; H, 10.06; N, 19.98.  Found C, 64.12; H, 
9.94; N, 19.95.  Optical Rotation: [α]27D  -68  (c = 1.0, CHCl3). 
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(2S,3S)-N-1-adamantyl-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)pentanamide (2.48).  MP: 119.0-120.0 
o
C.  IR: 3320 (br), 2970 (m), 
2911 (s), 2854 (m), 1658 (m), 1507 (w), 1463 (w), 1363 
(w), 1310 (w), 1287 (w), 1231 (w), 1110 (w), 746 (w) cm
-
1
.  1H NMR (CDCl3, 400 MHz): δ 6.93 (1H, d, J = 1.2 
Hz), 6.82 (1H, d, J = 0.8 Hz), 6.67 (1H, s), 3.78 (1H, d, J = 13.6 Hz), 3.70 (1H, d, J = 
13.6 Hz), 3.63 (3H, s), 2.72 (1H, d, J = 6.0 Hz), 2.52-2.36 (1H, br, s), 2.06 (3H, m), 2.00 
(6H, d, J = 2.8 Hz), 1.66 (6H, m), 1.56-1.42 (1H, m), 1.32-1.22 (1H, m), 1.20-1.06 (1H, 
m), 0.88 (3H, d, J = 6.8 Hz), 0.82 (3H, t, J = 7.2 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 
172.2, 146.2, 127.3, 121.2, 67.9, 51.7, 44.8, 42.0, 38.6, 36.6, 33.0, 29.7, 25.6, 16.1, 11.7.  
Anal Calcd for C21H34N4O: C, 70.35; H, 9.56; N, 15.63.  Found C, 69.55; H, 9.86; N, 
15.31.  Optical Rotation: [α]27D  -62  (c = 1.0, CHCl3). 
(S)-N-benzyl-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)butanamide (2.49).  MP: 119.2-120.4 
o
C.  IR: 3295 (br), 3037 (w), 
2961 (m), 2879 (w), 1665 (s), 1558 (m), 1513 (m), 1463 (m), 
1375 (w), 1287 (m), 1243 (w), 1092 (w), 1035 (w), 803 (w), 
740 (m), 705 (m) cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 7.38 
(1H, t, J = 6.4 Hz), 7.31-7.18 (5H, m), 6.87 (1H, d, J = 0.8 Hz), 6.74 (1H, d, J = 0.8 Hz), 
4.50 (1H, dd, J = 14.8, 6.4 Hz), 4.33 (1H, dd, J = 14.4, 5.2 Hz), 3.71 (1H, d, J = 14.0 Hz), 
3.66 (1H, d, J = 14.4 Hz), 3.40 (3H, s), 2.87 (1H, d, J = 5.2 Hz), 2.04 (3H, dqq, J = 6.8, 
6.8, 5.2 Hz), 0.92 (3H, d, J = 6.8 Hz), 0.88 (3H, d, J = 6.8 Hz).  
13
C NMR (CDCl3, 100 
MHz): δ 173.2, 145.8, 138.6, 128.7, 128.0, 127.5, 127.4, 121.2, 68.7, 45.0, 43.4, 32.7, 
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31.8, 19.9, 18.5.  Anal Calcd for C17H24N4O: C, 67.97; H, 8.05; N, 18.65.  Found C, 
67.74; H, 8.33; N, 18.40.  Optical Rotation: [α]27D  -79  (c = 1.0, CHCl3). 
N-((S)-1-((R)-3,3-dimethylbutan-2-ylamino)-3-methyl-1-oxobutan-2-yl)-1-
methyl-1H-imidazole-2-carboxamide (2.52).  IR: 3321 (br), 2964 (s), 2873 (m), 1650 
(s), 1536 (s), 1500 (s), 1474 (s), 1367 (m), 1286 (m), 1223 
(w), 1162 (m), 1132 (m), 920 (m), 733 (m) cm
-1
.  1H NMR 
(CDCl3, 400 MHz): δ 7.74 (1H, d, J = 9.2 Hz), 7.02 (1H, d, J 
= 1.2 Hz), 6.97 (1H, d, J = 0.8 Hz), 5.86 (1H, d, J = 9.6 Hz), 4.22 (1H, dd, J = 9.2, 6.8 
Hz), 4.03 (3H, s), 3.87 (1H, dq, J = 9.6, 6.8 Hz), 2.40-2.30 (1H, m), 1.05 (3H, d, J = 6.8 
Hz), 1.01 (3H, d, J = 2.8 Hz), 1.00 (3H, d, J = 2.8 Hz), 0.89 (9H, s).  
13
C NMR (CDCl3, 
100 MHz): δ 169.8, 159.5, 138.6, 128.0, 125.8, 59.2, 53.1, 35.8, 34.3, 30.4, 26.4, 19.9, 
18.4, 16.5.  Optical Rotation: [α]27D  -30  (c = 0.6, CH2Cl2). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-(methyl((1-methyl-1H-
imidazol-2-yl)methyl)amino)pentanamide (2.53).  IR: 3332 (br), 3276 (w), 2968 (s), 
2873 (m), 2798 (w), 1662 (s), 1539 (s), 1501 (m), 1457 (m), 
1380 (m), 1306 (w), 1218 (w), 1130 (w), 1029 (w), 746 (w), 
708 (m), 670 (m) cm
-1
.  1H NMR (CDCl3, 400 MHz): δ 7.12 
(1H, d, J = 8.8 Hz), 6.90 (1H, d, J = 0.8 Hz), 6.83 (1H, d, J = 0.8 Hz), 3.91 (1H, dq, J = 
8.8, 6.8 Hz), 3.75 (1H, d, J = 14.0 Hz), 3.67 (1H, d, J = 14.0 Hz), 3.63 (3H, s), 2.31 (3H, 
s), 2.25 (1H, d, J = 10.4 Hz), 2.06-1.93 (1H, m), 1.58-1.46 (1H, m), 1.05 (3H, d, J = 6.8 
Hz), 1.02 (9H, s), 0.99-0.88 (1H, m), 0.70 (3H, d, J = 6.8 Hz), 0.65 (3H, t, J = 7.6 Hz).  
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13
C NMR (CDCl3, 100 MHz): δ 168.4, 145.4, 127.0, 121.5, 67.7, 53.6, 51.4, 38.2, 33.4, 
32.8, 32.2, 27.0, 24.9, 16.8, 16.2, 10.2.  Optical Rotation: [α]27D  -12  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-
2-yl)methylamino)pentanethioamide (2.55).  MP: 110.0-111.8 
o
C.  IR: 3194  (br), 
2961 (s), 2873 (m), 1665 (w), 1514 (m), 1470 (m), 1419 (m), 
1287 (m), 1092 (m), 752 (m), 696 (m) cm
-1
.  1H NMR 
(CDCl3, 400 MHz): δ 9.26 (1H, d, J = 9.6 Hz), 6.94 (1H, d, J 
= 1.2 Hz), 6.80 (1H, d, J = 1.2 Hz), 4.53 (1H, dq, J = 9.6, 6.4 Hz), 3.71 (1H, d, J = 14.0 
Hz), 3.60 (1H, d, J = 14.0 Hz), 3.58 (3H, s), 3.29 (1H, d, J = 4.8 Hz), 2.44 (1H, dqq, J = 
7.2, 6.8, 4.8 Hz), 1.11 (3H, d, J = 6.8 Hz), 0.98 (3H, d, J = 7.2 Hz), 0.96 (9H, s), 0.80 
(3H, d, J = 6.8 Hz).  
13
C NMR (CDCl3, 100 MHz): δ 202.4, 145.7, 127.6, 121.2, 76.2, 
58.6, 44.2, 34.4, 33.2, 32.9, 26.8, 20.7, 17.1, 14.8.  Anal Calcd for C17H32N4S: C, 62.92; 
H, 9.94; N, 17.26.  Found C, 62.68; H, 9.98; N, 17.10.  Optical Rotation: [α]27D  -60  (c = 
1.0, CHCl3). 
(2S,3S)-tert-butyl-3-methyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)pentanoate (2.58).  IR: 3345 (br), 2974 (s), 2936 (m), 2879 (w), 1726 
(s), 1507 (m), 1460 (m), 1350 (m), 1287 (m), 1255 (m), 1149 
(s), 972 (w), 840 (w), 875 (w), 740 (m) cm
-1
.  1H NMR 
(CDCl3, 400 MHz): δ 6.88 (1H, d, J = 1.6 Hz), 6.80 (1H, d, J 
= 1.2 Hz), 3.87 (1H, d, J = 13.2 Hz), 3.68 (1H, s), 3.66 (1H, d, J = 13.2 Hz), 2.98 (1H, d, 
J = 6.0 Hz), 2.20-2.00 (1H, br, s), 1.66-1.59 (1H, m), 1.52-1.46 (1H, m), 1.46 (9H, s), 
1.20-1.10 (1H, m), 0.85 (3H, d, J = 6.8 Hz), 0.84 (3H, t, J = 6.8 Hz).  
13
C NMR (CDCl3, 
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100 MHz): δ 173.9, 146.3, 127.1, 121.4, 81.3, 66.2, 45.2, 38.6, 33.1, 28.5, 25.6, 16.0, 
11.8.  Anal Calcd for C15H27N3O2: C, 64.02; H, 9.67; N, 14.93.  Found C, 63.16; H, 9.58; 
N, 14.40.  Optical Rotation: [α]27D  -16  (c = 1.0, CHCl3). 
 
General Procedure for Desymmetrization of meso-Diols through Asymmetric 
Silylation 
Catalyst 2.28 and meso-diol were weighed into a 10 x 75 mm test tube.  DIPEA 
was then added with a Gilson Pipetman.  The contents were dissolved in THF (or PhMe), 
capped with septa, and cooled to the appropriate 
temperature (see below for details) using a cryocool 
apparatus.  TBS-Cl was dissolved in THF (or PhMe), 
cooled to the same temperature and then added to the test tube with a Gilson Pipetman.  
The test tube was capped with septa, wrapped with Teflon tape and the reaction mixture 
was allowed to stir for the reported period of time.  The reaction was quenched with 
DIPEA (1.0 equiv. relative to substrate) followed by methanol (40 L).  The mixture was 
allowed to warm to room temperature and diluted with CH2Cl2 (15 mL) and washed with 
10% citric acid (20 mL).  The aqueous layer was extracted with CH2Cl2 (2 x 15 mL) and 
the combined organic layer was dried over MgSO4, filtered and concentrated to afford the 
crude product as a yellow oil.  The product was purified by silica gel chromatography and 
analyzed for enantioenrichment by chiral GLC (Supelco Beta, or Gamma Dex 120).  The 
aqueous layer was basified with 3 N NaOH until pH 12 and extracted with CH2Cl2 (3 x 
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15 mL).  The combined organic layer was dried over MgSO4, filtered and concentrated to 
provide the recovered catalyst 2.28 as a white solid (mass recovery >95%). 
(2R,4S)-4-(tert-Butyl-dimethyl-silanyloxy)-cyclopent-2-enol (2.13).  The 
general procedure was followed.  Catalyst 2.30 (30.8 mg, 
0.100 mmol) and cis-cyclopentene-1,3-diol (50.0 mg, 0.500 
mmol) were weighed into a 10 x 75 mm test tube.  DIPEA 
(109 L, 0.625 mmol) was then added into the test tube with 
a 200 L Gilson Pipetman.  The contents were dissolved in 400 L THF, capped with a 
septa, and cooled to –78 oC.  TBS-Cl (151 mg, 1.00 mmol) was dissolved in 350 L THF 
to make the total volume around 500 L, cooled to –78 oC, and then added to the test 
tube with a 1000 L Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the reaction was allowed to stir at –78 oC for 48 h.  After workup as 
in general procedure, the product was purified by silica gel chromatography (hexanes to 
2:1 hexanes:CH2Cl2) to yield a pale yellow oil (58 mg, 54 % yield).  IR (neat, thin film): 
3358 (br), 3062 (w), 2961 (m), 2930 (m), 2886 (w), 2860 (m), 1476 (w), 1375 (s), 1262 
(s), 1080 (s), 1023 (w), 909 (s), 840 (s), 784 (s), 677 (m) cm
-1
.  
1
H NMR (CDCl3, 400 
MHz):  5.94 (1H, d, J = 5.6 Hz), 5.88 (1H, d, J = 5.6 Hz), 4.65 (1H, m), 4.58 (1H, m), 
2.68 (1H, dt, J = 14.0, 7.2 Hz), 1.82 (1H, d, J = 8.8 Hz), 1.51 (1H, dt, J = 13.6, 4.8 Hz), 
0.89 (9H, s), 0.08 (6H, s).  
13
C NMR (CDCl3, 100 MHz):  137.1, 135.6, 75.4, 75.3, 45.0, 
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26.2, 18.5, -4.24.  Anal Calcd for C11H22O2Si: C, 61.63; H, 10.34.  Found C, 61.57; H, 
10.19.  Optical Rotation: [ ]
25
D  -21  (c = 1.0, CHCl3).
58
 
Enantiomer ratio was established by chiral stationary phase GLC analysis 
(Supelco Gamma Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 130 oC for 16 
min, 10 
o
C/ minute to 180 
o
C, 16 psi.); chromatograms are illustrated below for an 88% 
ee sample: 
  
  
 
 
(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclopentanol (2.70).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and 
cis-cyclopentane-1,2-diol (51.0 mg, 0.500 mmol) were weighed into 
a 10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then 
added into the test tube with a 200 L Gilson Pipetman.  The contents were dissolved in 
                                                 
58
 Corresponds to (2R,4S) enantiomer. See Curran, T. T.; Hay, D. D.; Koegel, C. P. Tetrahedron 1997, 53, 
1983-2004. 
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150 L PhMe, capped with septa, and cooled to –40 oC.  TBS-Cl (151 mg, 1.00 mmol) 
was dissolved in 100 L PhMe to make the total volume around 250 L, cooled to –40 
o
C, and then added to the test tube with a 200 L Gilson Pipetman.  The test tube was 
capped with septa, wrapped with Teflon tape and the mixture was allowed to stir at –40 
o
C for 60 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (2:1 hexanes: CH2Cl2) to yield a pale yellow oil (102 mg, 94% yield).  
IR (neat, thin film): 3559 (br), 2962 (s), 2930 (s), 2886 (w), 2861 (s), 1476 (w), 1368 
(w), 1262 (s), 1130 (m), 1105 (m), 1010 (m), 941 (m), 897 (s), 840 (s), 784 (s), 670 (w) 
cm
-1
.  
1
H NMR (CDCl3, 400 MHz):  4.03 (1H, m), 3.90 (1H, m), 2.60 (1H, d, J = 3.6 
Hz), 1.90-1.40 (6H, m), 0.90 (9H, s), 0.089 (3H, s), 0.086 (3H, s).  
13
C NMR (CDCl3, 
100 MHz):  75.4, 73.8, 31.8, 31.3, 26.2, 20.3, 18.4, -4.14, -4.54.  Anal Calcd for 
C11H24O2Si: C, 61.05; H, 11.18.  Found C, 61.13; H, 11.01.  Optical Rotation: [ ]
25
D  -
20  (c = 1.0, CHCl3).
59
 
Enantioeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 78 oC for 85 min, 20 
o
C/ minute to 180 
o
C, 15 psi.); chromatograms are illustrated below for an 88% ee 
sample: 
                                                 
59
 Absolute configuration was assigned by analogy to other substrates in Table 3.6. 
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(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (2.67).  The general 
procedure was followed.  Catalyst 2.28 (39.8 mg, 0.129 mmol) and 
cis-cyclohexane-1,2-diol (75 mg, 0.646 mmol) were weighed into a 
10 x 75 mm test tube.  DIPEA (208 L, 1.19 mmol) was then 
added into the test tube with a 1000 L Gilson Pipetman.  The contents were dissolved in 
400 L THF, capped with a septa, and cooled to –28 oC.  TBS-Cl (292 mg, 1.94 mmol) 
was dissolved in 400 L THF to make the total volume around 800 L, cooled to –28 oC, 
and then added to the test tube with a 1000 L Gilson Pipetman.  The test tube was 
capped with septa, wrapped with Teflon tape and the mixture was allowed to stir at –28 
o
C for 120 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (2:1 hexanes:CH2Cl2) to yield a clear oil (132 mg, 89% yield).  IR (neat, 
thin film): 3579 (m), 3483 (br), 3028 (w), 2952 (s), 2860 (s), 1461 (m), 1253 (s), 1085 
(s), 837 (s), 778 (s) cm
-1
.  
1
H NMR (CDCl3, 400 MHz):  3.76-3.60 (2H, m), 2.19 (1H, d, 
J = 4.8 Hz), 1.81-1.19 (8H, m), 0.90 (9H, s), 0.075 (6H, s).  
13
C NMR (CDCl3, 100 
MHz):  76.3, 75.0, 34.9, 34.5, 30.2, 26.4, 25.5, 22.5, 0.00, -0.394.  Anal Calcd for 
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C12H26O2Si: C, 62.55; H, 11.37.  Found C, 62.85; H, 11.35.  Optical Rotation: [ ]
24
D  -
12 (c = 0.2, MeOH).
60
 
Enantiomeric ratio was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 70 oC for 150 min, 
20 
o
C/ minute to 180 
o
C, 15 psi.); chromatograms are illustrated below for a 90% ee 
sample: 
 
 
  
 
(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cycloheptanol (2.72).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and 
cis-cycloheptane-1,2-diol (65.0 mg, 0.500 mmol) were weighed into 
a 10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then 
added into the test tube with a 200 L Gilson Pipetman.  The contents were dissolved in 
150 L THF, capped with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) 
                                                 
60
 Absolute configuration was assigned by converting to α-benzoyloxycyclohexanone and comparing the 
measured optical rotations with the known data.
 
See Feng, X.; Shu, L.; Shi, Y. J. Org. Chem. 2002, 67, 
2831-2836
.
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was dissolved in 100 L THF to make the total volume around 250 L, cooled to –40 oC, 
and then added to the test tube with a 200 L Gilson Pipetman.  The test tube was capped 
with septa, wrapped with Teflon tape and the mixture was allowed to stir at –40 oC for 72 
h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (114 mg, 
93% yield).  IR (neat, thin film): 3572 (br), 3484 (br), 2936 (s), 2861 (m), 1470 (w), 1400 
(w), 1362 (w), 1256 (m), 1086 (w), 1061 (m), 985 (w), 840 (s), 777 (s), 680 (w) cm
-1
.  
1
H 
NMR (CDCl3, 400 MHz): 3.80 (1H, m), 3.72 (1H, m), 2.56 (1H, d, J = 4.4 Hz), 1.86-
1.20 (10H, m), 0.90 (9H, s), 0.07 (6H, s).  
13
C NMR (CDCl3, 100 MHz):  75.8, 73.7, 
31.3, 31.2, 28.3, 26.1, 22.8, 21.6, 18.4, -4.12, -4.56.  Anal Calcd for C13H28O2Si: C, 
63.87; H, 11.55.  Found C, 64.09; H, 11.34.  Optical Rotation: [ ]
25
D  -9.4  (c = 1.0, 
CHCl3).
59
 
Enantiomeric ratio was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 110 oC for 46 min, 
20 
o
C/ minute to 180 
o
C, 25 psi.); chromatograms are illustrated below for a 93% ee 
sample: 
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(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclooctanol (2.73).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and 
cis-cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 
10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then added 
into the test tube with a 200 L Gilson Pipetman.  The contents were dissolved in 150 L 
THF, capped with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) was 
dissolved in 100 L THF to make the total volume around 250 L, cooled to –40 oC, and 
then added to the test tube with a 200 L Gilson Pipetman.  The test tube was capped 
with septa, wrapped with Teflon tape and the mixture was allowed to stir at –40 oC for 
120 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (124 mg, 
96% yield).  IR (neat, thin film): 3566 (br), 3490 (br), 2936 (s), 2860 (m), 1470 (w), 1363 
(w), 1250 (m), 1123 (w), 1067 (s), 1010 (m), 840 (s), 778 (s), 670 (w) cm
-1
.  
1
H NMR 
(CDCl3, 400 MHz): 3.91 (1H, m), 3.90 (1H, m), 2.68 (1H, d, J = 3.2 Hz), 2.02-1.30 
(12H, m), 0.90 (9H, s), 0.08 (6H, s).  
13
C NMR (CDCl3, 100 MHz):  74.7, 73.7, 31.0, 
29.4, 27.1, 26.2, 25.9, 25.6, 22.9, 18.4, -4.05, -4.45.  Anal Calcd for C14H30O2Si: C, 
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65.06; H, 11.70.  Found C, 65.04; H, 11.91.  Optical Rotation: [ ]
25
D  -7.2  (c = 1.0, 
CHCl3).
61
 
Enantiomeric excess was established by chiral stationary phase  GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 150 oC for 24 min, 
20 
o
C/ minute to 180 
o
C, 15 psi.); chromatograms are illustrated below for a 95% ee 
sample: 
 
 
 
  
 
(1S,2R)-6-(tert-Butyl-dimethyl-silanyloxy)-cyclohex-3-enol (2.71).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) 
and cis-cyclohex-4-ene-1,2-diol (57.0 mg, 0.500 mmol) were 
                                                 
61
 Absolute configuration was assigned by converting to α-benzoyloxycyclooctanone and comparing the 
measured optical rotations with the known data.
 
See Feng, X.; Shu, L.; Shi, Y. J. Org. Chem. 2002, 67, 
2831-2836. 
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weighed into a 10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then added into 
the test tube with a 200 L Gilson Pipetman.  The contents were dissolved in 150 L 
THF, capped with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) was 
dissolved in 100 L THF to make the total volume around 250 L, cooled to –40 oC, and 
then added to the test tube with a 200 L Gilson Pipetman.  The test tube was capped 
with a septa, wrapped with Teflon tape and the mixture was allowed to stir at –40 oC for 
72 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (85.5 mg, 
75% yield).  IR (neat, thin film): 3591 (br), 3490 (br), 3031 (w), 2962 (w), 2930 (m), 
2899 (w), 2861 (w), 1476 (w), 1256 (m), 1092 (s), 885 (m), 840 (s), 784 (s), 672 (w) cm
-
1
.  
1
H NMR (CDCl3, 400 MHz): 5.58-5.50 (2H, m), 3.94-3.80 (2H, m), 2.30-2.10 (5H, 
m), 0.90 (9H, s), 0.085 (3H, s), 0.080 (3H, s).  
13
C NMR (CDCl3, 100 MHz):  123.9, 
123.6, 70.1, 69.4, 31.6, 30.9, 26.1, 18.4, -4.08, -4.33.  Anal Calcd for C12H24O2Si: C, 
63.10; H, 10.59.  Found C, 63.28; H, 10.85.  Optical Rotation: [ ]
25
D  -25  (c = 1.0, 
CHCl3).
62
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 95 oC for 54 min, 20 
o
C/ minute to 180 
o
C, 15 psi.); chromatograms are illustrated below for a 95% ee sample: 
                                                 
62
 Absolute configuration was assigned by hydrogenating the product and comparing GLC traces with 
(1S,2R)-2- (tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (3.177). 
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(1S,2R)-8-(tert-Butyl-dimethyl-silanyloxy)-cyclooct-4-enol (2.74).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and 
cis-cyclooct-5-ene-1,2-diol (71.1 mg, 0.500 mmol) were weighed 
into a 10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was 
then added into the test tube with a 200 L Gilson Pipetman.  The 
contents were dissolved in 150 L THF, capped with a septa, and cooled to –40 oC.  
TBS-Cl (151 mg, 1.00 mmol) was dissolved in 100 L THF to make the total volume 
around 250 L, cooled to –40 oC, and then added to the test tube with a 200 L Gilson 
Pipetman.  The test tube was capped with septa, wrapped with Teflon tape and the 
mixture was allowed to stir at –40 oC for 72 h.  After workup as in general procedure, the 
product was purified by silica gel chromatography (hexanes to 2:1 hexanes:CH2Cl2) to 
yield a pale yellow oil (102 mg, 80% yield).  IR (neat, thin film): 3434 (br), 3018 (w), 
2961 (w), 2936 (m), 2861 (w), 1476 (w), 1262 (m), 1061 (s), 941 (w), 840 (s), 778 (s) 
cm
-1
.  
1
H NMR (CDCl3, 400 MHz): 5.70-5.50 (2H, m), 4.04-3.88 (1H, m), 3.86-3.78 
(1H, m), 2.70-2.50 (2H, m), 2.02-1.50 (7H, m), 0.91 (9H, s), 0.07 (3H, s), 0.05 (3H, s).  
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13
C NMR (CDCl3, 100 MHz):  129.9, 129.3, 76.4, 75.4, 32.9, 32.4, 26.2, 23.5, 22.4, 
18.5, -4.19, -4.37.  Anal Calcd for C14H28O2Si: C, 65.57; H, 11.00.  Found C, 65.37; H, 
11.29.  Optical Rotation:  [ ]
25
D  -3.5  (c = 1.0, CHCl3).
63
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 150 oC for 18 min, 
20 
o
C/ minute to 180 
o
C, 25 psi.); chromatograms are illustrated below for a 93% ee 
sample:  
  
  
 
(2S,3R)-3-(tert-Butyl-dimethyl-silanyloxy)-butan-2-ol (2.64).  The general 
procedure was followed.  Catalyst 2.28 (68.5 mg, 0.222 mmol) and meso-
2,3-butanediol (100 mg, 1.11 mmol) were weighed into a 10 x 75 mm test 
tube.  DIPEA (358 L, 2.06 mmol) was then added into the test tube with 
a 1000 L Gilson Pipetman.  The contents were dissolved in 694 L THF, capped with a 
                                                 
63
 Absolute configuration was assigned by hydrogenating the product and comparing GLC traces with 
(1S,2R)-2- (tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (3.179). 
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septa, and cooled to –28 oC.  TBS-Cl (502 mg, 3.33 mmol) was dissolved in 700 L 
PhMe to make the total volume around 1400 L, cooled to –28 oC, and then added to the 
test tube with a 1000 L Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the mixture was allowed to stir at –28 oC for 120 h.  After workup 
as in general procedure, the product was purified by silica gel chromatography (hexanes 
to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (160 mg, 85% GC yield, 47% isolated 
yield).  IR (neat, thin film): 3518 (br), 3043 (s), 2963 (s), 1782 (w), 1640 (s), 1569 (w), 
1502 (s), 1465 (s), 1040 (m), 492 (m) cm
-1
.  
1
H NMR (CDCl3, 400 MHz): 3.78-3.67 
(2H, m), 2.14 (1H, d, J = 4.0 Hz), 1.09 (3H, d, J = 6.0 Hz), 1.07 (3H, d, J = 6.4 Hz), 0.90 
(9H, s), 0.076 (3H, s), 0.071 (3H, s).  
13
C NMR (CDCl3, 100 MHz):  72.1, 71.3, 26.1, 
18.4, 17.6, 17.3, -4.06, -4.50. Anal Calcd for C10H24O2Si: C, 58.77; H, 11.84.  Found C, 
58.38; H, 11.49.  Optical Rotation: [ ]
24
D  -14  (c = 0.39, CH2Cl2).
64
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 80 oC for 28 min, 20 
o
C/ minute to 180 
o
C, 15 psi.); chromatograms are illustrated below for a 90% ee sample: 
  
                                                 
64
 Absolute configuration was assigned by oxidizing the product to the corresponding ketone and 
comparing the measured optical rotation with the known data.
 See 
Denmark, S. E.; Stavenger, R. A. J. Org. 
Chem. 1998, 63, 9524-9527. 
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(3S,4R)-4-(tert-Butyl-dimethyl-silanyloxy)-hexa-1,5-dien-3-ol (2.74).  The 
general procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 
mmol) and commercially available Hexa-1,5-diene-3,4-diol (4:3 
meso:dl mixture, 57.0 mg, 0.500 mmol) were weighed into a 10 x 75 
mm test tube.  DIPEA (109 L, 0.625 mmol) was then added into the test tube with a 200 
L Gilson Pipetman.  The contents were dissolved in 150 L PhMe, capped with septa, 
and cooled to –40 oC.  TBS-Cl (151 mg, 1.00 mmol) was dissolved in 100 L PhMe to 
make the total volume around 250 L, cooled to –40 oC, and then added to the test tube 
with a 200 L Gilson Pipetman.  The test tube was capped with a septa, wrapped with 
Teflon tape and the mixture was allowed to stir at –40 oC for 72 h.  After workup as in 
general procedure, the product was purified by silica gel chromatography (hexanes to 1:1 
hexanes:CH2Cl2) to yield mono TBS ether of the meso-diol as a pale yellow oil (44 mg, 
67% yield).
11
  IR (neat, thin film): 3572 (w), 3452 (br), 3087 (w), 2957 (m), 2936 (m), 
2886 (w), 2861 (w), 1476 (w), 1262 (m), 1099 (w), 1035 (w), 992 (w), 922 (w), 840 (s), 
784 (s), 677 (w) cm
-1
.  
1
H NMR (CDCl3, 400 MHz): 5.87-5.76 (2H, m), 5.32-5.30 (1H, 
m), 5.28-5.25 (1H, m), 5.23-5.19 (1H, m), 5.19-5.16 (1H, m), 4.14-4.10 (1H, m), 4.08-
4.04 (1H, m), 2.28 (1H, d, J = 4.8 Hz), 0.91 (9H, s), 0.08 (3H, s), 0.06 (3H, s).  
13
C NMR 
(CDCl3, 100 MHz):  136.8, 136.4, 117.1, 116.8, 77.2, 76.2, 26.1, 18.5, -4.0, -4.5. Anal 
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Calcd for C12H24O2Si: C, 63.10; H, 10.59. Found C, 63.38; H, 10.34.  Optical Rotation: 
[ ]
25
D  -2.8 (c = 1.0, CHCl3).
59
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 72 oC for 80 min, 20 
o
C/ minute to 180 
o
C, 25 psi.); chromatograms are illustrated below for a 92% ee sample:  
  
  
 
(1S,3R)-3-(tert-Butyl-dimethyl-silanyloxy)-cyclopentanol (2.69).  The general 
procedure was followed.  Catalyst 2.28 (46.2 mg, 0.150 
mmol) and cis-cyclopentane-1,3-diol (51.0 mg, 0.500 
mmol) were weighed into a 10 x 75 mm test tube.  DIPEA 
(109 L, 0.625 mmol) was then added into the test tube 
with a 200 L Gilson Pipetman.  The contents were dissolved in 400 L THF, capped 
with a septa, and cooled to –78 oC.  TBS-Cl (151 mg, 1.00 mmol) was dissolved in 350 
L THF to make the total volume around 500 L, cooled to –78 oC, and then added to the 
test tube with a 200 L Gilson Pipetman.  The test tube was capped with septa, wrapped 
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with Teflon tape and the mixture was allowed to stir at –78 oC for 48 h.  After workup as 
in general procedure, the product was purified by silica gel chromatography (hexanes to 
2:1 hexanes:CH2Cl2) to yield a pale yellow oil (89 mg, 82 % yield).  IR (neat, thin film): 
3383 (br), 2961 (s), 2930 (s), 2886 (w), 2861 (s), 1476 (w), 1363 (w), 1262 (s), 1168 (w), 
1098 (m), 1067 (m), 1023 (m), 897 (s), 840 (s), 777 (s), 670 (w) cm
-1
.  
1
H NMR (CDCl3, 
400 MHz):  4.38 (1H, m), 4.25 (1H, m), 3.03 (1H, d, J = 7.6 Hz), 1.95-1.60 (6H, m), 
0.88 (9H, s), 0.08 (6H, s).  
13
C NMR (CDCl3, 100 MHz):  75.1, 74.3, 44.7, 34.5, 34.4, 
26.1, 18.3, -4.45, -4.56.  Anal Calcd for C11H24O2Si: C, 61.05; H, 11.18.  Found C, 
60.90; H, 11.91.  Optical Rotation: [ ]
25
D  -5.0  (c = 1.0, CHCl3).
65
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Gamma Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 95 oC for 50 min, 
20 
o
C/ minute to 180 
o
C, 16 psi.); chromatograms are illustrated below for a 96% ee 
sample: 
  
  
 
                                                 
65
 Corresponds to (1S,3R) enantiomer. See Curran, T. T.; Hay, D. D.; Koegel, C. P. Tetrahedron 1997, 53, 
1983-2004. 
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(1S,2R)-2-Triethylsilanyloxy-cyclooctanol (2.76).  The general procedure was 
followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and cis-
cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 10 
x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then added 
into the test tube with a 200 L Gilson Pipetman.  The contents 
were dissolved in 500 L THF, capped with a septa, and cooled to –40 oC.  
Chlorotriethylsilane (104 L, 0.625 mmol) was dissolved in 300 L THF, cooled to –40 
o
C, and then added to the test tube with a 200 L Gilson Pipetman.  The test tube was 
capped with septa, wrapped with Teflon tape and the mixture was allowed to stir at –40 
o
C for 48 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (120 mg, 
94% yield).  IR (neat, thin film): 3566 (br), 3478 (br), 2943 (s), 2917 (s), 2880 (m), 1463 
(w), 1413 (w), 1237 (m), 1130 (w), 1067 (s), 1004 (s), 828 (w), 740 (s) cm
-1
.  
1
H NMR 
(CDCl3, 400 MHz): 3.90 (1H, ddd, J = 8.8, 3.2, 2.0 Hz), 3.74-3.68 (1H, m), 2.77 (1H, 
br), 2.04-1.94 (1H, m), 1.80-1.30 (11H, m), 0.96 (9H, t, J = 8.0Hz), 0.61 (6H, q, J = 15.6, 
7.6Hz).  
13
C NMR (CDCl3, 100 MHz):  74.4, 73.8, 31.0, 29.3, 27.2, 26.0, 25.7, 22.8, 
7.20, 5.28.  Anal Calcd for C14H30O2Si: C, 65.06; H, 11.70.  Found C, 64.79; H, 11.70.  
Optical Rotation: [ ]
25
D  -3.0  (c = 1.0, CHCl3).
59
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 140 oC for 34 min, 
Chapter 2 
Page 114 
 
20 
o
C/ minute to 180 
o
C, 25 psi.); chromatograms are illustrated below for an 86% ee 
sample: 
  
  
 
(1S,2R)-2-Triisopropylsilanyloxy-cyclooctanol (2.77).  The general procedure 
was followed.  Catalyst 2.28 (46.2 mg, 0.150 mmol) and cis-
cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 
10 x 75 mm test tube.  DIPEA (109 L, 0.625 mmol) was then 
added into the test tube with a 200 L Gilson Pipetman.  The 
contents were dissolved in 100 L THF, capped with a septa, and cooled to –10 oC. 
TIPS-Cl (214 L, 1.00 mmol) was dissolved in 86 L THF, cooled to –10 oC, and then 
added to the test tube with a 200 L Gilson Pipetman.  The test tube was capped with 
septa, wrapped with Teflon tape and the mixture was allowed to stir at –10 oC for 120 h.  
After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (106 mg, 71 
% yield).  IR (neat, thin film): 3553 (br), 3490 (br), 2943 (s), 2867 (s), 1470 (w), 1382 
(w), 1256 (w), 1130 (w), 1061 (s), 1017 (w), 885 (m), 821 (w), 689 (w) cm
-1
.  
1
H NMR 
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(CDCl3, 400 MHz): 4.04 (1H, ddd, J = 9.2, 3.6, 1.6 Hz), 3.80 (1H, m), 2.86 (1H, d, J = 
1.6 Hz), 2.01-1.98 (1H, m), 1.80-1.20 (14H, m), 1.08 (18H, m).  
13
C NMR (CDCl3, 100 
MHz):  74.7, 73.8, 31.0, 29.0, 27.4, 26.6, 25.5, 22.4, 18.44, 18.41, 12.7.  Anal Calcd for 
C17H36O2Si: C, 67.94; H, 12.07. Found C, 67.99; H, 12.35.  Optical Rotation: [ ]
25
D  -
3.0  (c = 1.0, CHCl3).
59
 
Enantiomeric excess was established by chiral stationary phase GLC analysis 
(Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 140 oC for 88 min, 
20 
o
C/ minute to 180 
o
C, 25 psi.); chromatograms are illustrated below for a 93% ee 
sample: 
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P a g e  1 4 1  
 
CHAPTER 3 
CHIRAL CATALYST CONTROL IN ASYMMETRIC 
TRANSFORMATIONS OF RACEMATES 
3.1 Introduction 
     Enantioselective reactions that transform racemic starting materials into two distinct, 
optically enriched products are highly desirable; however, examples of this type of 
reactivity are rare.  Divergent reactions on racemic mixtures or as they are sometimes 
called, “parallel kinetic resolutions” are processes by which both enantiomers of starting 
material are consumed to generate unique and enantioenriched products by a single 
chiral entity. This is not to be confused with kinetic resolution in which only one 
enantiomer reacts selectively to yield both optically enriched product and starting 
material in the ideal case.  Scheme 3.1 highlights a general 
scheme for divergent reactions on racemic mixtures in the 
presence of a chiral reagent or catalyst (L*).  In theory, all 
starting material would be consumed at the same rate with complete chiral catalyst or 
reagent control resulting in products that are not enantiomers, but rather optically 
enriched and unique entities made in a maximum of 50% yield for each.   
     In a non-ideal setting, many factors can affect the efficiency of the process.   Some of 
these include the rates of consumption of starting materials, various degrees of substrate 
control in the reaction, and the inability to convert all of the starting materials to 
products.   
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     In one scenario, incomplete conversion of racemate A might occur because the rates 
of consumption of enantiomers in the racemic starting material were different.  This 
situation would lead to enantioenrichment for all three chemical entities.  For these cases, 
complex mathematical models have been developed for the determination of the optical 
purities for B, T and A (Scheme 3.1).
66
 
     Another example of non-ideal behavior might result in complete conversion to 
products B and T (quantitative yield) in unequal amounts.  Situations like this will yield a 
major product isomer (i.e. B > 50 %) with eroded levels of enantiopurity.  Meanwhile, by 
necessity the minor product isomer (i.e. T < 50% yield) will have higher levels of optical 
purity.  This observation is a manifestation of the material balance and can be 
rationalized by Houreau’s mathematical equation below (eq. 3.1).67  Additional 
mathematical studies for treatments of specialized cases for divergent reactions on 
racemic mixtures have been made and are the focus of other reviews,
68
 which are outside 
the scope of this manuscript. 
 
 
                                                 
66
 Kagan, H. B. Croat. Chem. Acta 1996, 68, 669-680.   
67
 Guette, J. P.; Horeau, A. Bull. Chim. Soc. Fr. 1967, 1747-1752. 
68
 Kagan, H. B. Tetrahedron 2001, 57, 2449-2468. 
Chapter 3 
Page 143 
 
3.2 Recent works   
     Since 2005, only a few examples of divergent reactions on racemic mixtures have 
been published utilizing chiral catalysts.  These include exciting and diverse cases of 
divergence in epoxide,
69
 aziridine
70
 and oxabicycle
71
 openings and in cycloaddition 
chemistry.
72
  Our own contribution (yet unpublished) will demonstrate an inaugural case 
in the mode of divergence for this process; specifically the silylation of racemic diols in a 
regiodivergent manner.  In addition to these catalytic methods, additional concepts will 
be introduced in order to distinguish among these cases of divergent chemical processes. 
  
3.3 Stereodivergent reactions on racemic mixtures   
     Stereodivergent reactions on racemic mixtures (SRRM) facilitated by a chiral catalyst 
yield diastereomeric products in enantioenriched forms (i.e. B and T in Eq. 3.1 are 
diastereomers of one another).  Examples of this are uncommon but can be observed in 
cycloaddition chemistry. 
                                                 
69
 Gansäuer, A.; Fan, C. –A.; Keller, F.; Keil, J. J. Am. Chem. Soc. 2007, 129, 3484-3485.  Gansäuer, A.; 
Shi, L.; Otte, M.  J. Am. Chem. Soc. 2010, ASAP. 
70
 Wu, B.; Parquette, J. R.; RajanBabu, T. V. Science 2009, 326, 1662. 
71
 Webster, R.; Böing, C.; Lautens, M. J. Am. Chem. Soc. 2009, 131, 444-445. 
72
 Miller, L. C.; Ndungu, J. M.; Sarpong, R. Angew. Chem. Int. Ed. 2009, 48, 2398-2402.  Lian, Y.; Miller, 
L. C.; Born, S.; Sarpong, R.; Davies, H. M. L. J. Am. Chem. Soc. 2010, ASAP.  Jana, C. J.; Studer, A. 
Angew. Chem. Int. Ed. 2007, 46, 6542-6544.  
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     Very recently the Sarpong and Davies groups working collaboratively
73
 have 
demonstrated that Rh catalyst 3.1 (Figure 3.2) can be used to control a stereodivergent 
formal [4+3] cycloaddition between diene 3.2 and diazoacetate 
3.3 (Scheme 3.2).
74
  The reaction proceeds via an intermediate 
divinyl cyclopropane, which undergoes a Cope rearrangement to 
furnish diastereomeric ring-expanded products 3.4 and 3.5 with 
excellent optical purities and in good yields. 
            
     Realizing the implications of this catalyst controlled process and using the results 
from studies performed on structural congeners of 3.2, they investigated the use of the 
                                                 
73
 A previous report of stereodivergent reaction on a racemic mixture has been published by this group.  
Because of its similarity to this process, it is noted but will not be discussed.  For the primary reference, 
see:  Miller, L. C.; Ndungu, J. M.; Sarpong, R. Angew. Chem. Int. Ed. 2009, 48, 2398-2402. 
74
 Lian, Y.; Miller, L. C.; Born, S.; Sarpong, R.; Davies, H. M. L. J. Am. Chem. Soc. 2010, 132, 12422-
12425. 
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sterically demanding, optically enriched  diene 3.6 for the  reaction (Scheme 3.3).  The 
reaction  proceeds with some level of substrate control (d.r. ≠ 1).  Remarkably, a 
quaternary carbon center is formed in this example.  They are then able to use the major 
diastereomer 3.7b (isolated in 47% yield after recrystalization) in the synthesis of natural 
products (+)-barekoxide (3.8) and (-)-barekol (3.9) as summarized in Scheme 3.4. 
      
3.4 Regiodivergent reactions on racemic mixtures 
      Unlike SRRM, regiodivergent reactions on racemic mixtures (RRRM) in the presence 
of an effective chiral catalyst or reagent give rise to optically enhanced products that are 
unique to one another; each derived from the corresponding enantiomer of the racemic 
reactant, which provides the basis of their optical purity and regiodivergence. The 
following examples will demonstrate that different reaction modes for this pathway are 
possible.  
     Studer and co-workers have reported a catalytic enantioselective nitroso-Diels-Alder 
reaction between racemic cyclohexadienes and 2-nitroso pyridine mediated by chiral Cu-
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complexed bisphospine ligand 3.10 shown in Figure 
3.3.
75
  This has resulted in a fascinating example of 
regio- and stereodivergence in the course of study of 
these racemic materials.  Scheme 3.5 illustrates eight 
theoretical possibilities for this cycloaddition.  These 
are generated from the endo or exo mode of reaction between diene 3.11 and 2-
nitrosopyridine 3.12 in combination with a 1,2 or 2,1 addition to the dienophile 3.12. 
 
     Amazingly, catalyst 3.10 is able to discern amongst all of these reactive modes and 
yields only products 3.13 and 3.14 in ~1/ 1 ratio with 98% and 94% ee (respectively) in 
99% combined yield.  Both of these products demonstrate a preference for exo-selectivity 
in the cyclization.  However, the regiodivergence in this process can be attributed to a 1,2 
vs. 2,1 addition of the nitroso group (dienophile) to the “matched” enantiomer of starting 
diene facilitated by chiral catalyst 3.10.  The degree of selectivity in this regiodivergent 
process in this example is quite remarkable. 
                                                 
75
 Jana, C. J.; Studer, A. Angew. Chem. Int. Ed. 2007, 46, 6542-6544. 
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     Probing different R groups of the diene demonstrated that various racemic substrates 
could also undergo an efficient regio- and stereodivergent reaction.  Again, the major 
products achieved in this study mirrored the stereo and regiochemical outcomes for the 
products 3.13 and 3.14 that were observed in the model study (Scheme 3.5).  This finding 
suggests exquisite catalyst control in this process.  Table 3.1 illustrates the scope of their 
investigations.  
 
     Electronic and steric perturbations had no effect on this reaction (entries 1-4).  Even 
the presence of an exocyclic stereogenic center located within the R substituent (entry 5) 
did not impede the process from occurring.  When this racemic stereoisomer was probed 
it afforded enantioenriched products 3.24 (with an S center on the carbinol carbon of the 
R group) and 3.29 (R stereocenter on the carbinol carbon of the R group) in excellent 
yields and high optical purities.   
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     The first example of regiodivergent epoxide opening was published by the Gansäuer 
group in 2007.
76
  By applying either antipode of chiral 
titanium ligand 3.30 (Figure 3.11) to a series of “sterically 
and electronically unbiased epoxides” they were able to 
demonstrate an efficient process by which the chiral ligand 
effects a homolytic C-O bond cleavage.   
     Initial experiments 
with catalyst 3.30 and 
ent-3.30 were 
conducted on racemic 
epoxide 3.31 (Table 
3.2).  Both enantiomers 
of catalyst performed 
admirably showing similar levels of enatiocontrol in this manifold.  This result 
demonstrates that there is some degree of substrate control for this epoxide opening. 
                                                 
76
 Gansäuer, A.; Fan, C. –A.; Keller, F.; Keil, J. J. Am. Chem. Soc. 2007, 129, 3484-3485.   
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     With this 
observation in hand, 
the authors studied the 
effect of these 
complementary-
handed catalysts for 
the reaction of 
enantioenriched epoxide 3.31.  This serves as a fascinating example of a regiodivergent 
reaction on an enantioenriched mixture (RREM).
77
  Table 3.3 details the findings of their 
investigation.  The results shown in entry 1 demonstrate a highly efficient reaction.  By 
using 3.31 (enriched to 80% ee) the major product of the reaction 3.33 can be obtained in 
71% yield and 99% ee under the influence of catalyst 3.30.  Meanwhile, catalyst ent-3.30 
(entry 2) affords product 3.32 with similar efficiency (76% yield and 94% ee).  This 
process leads to enhanced level of asymmetry in the major product with concomitant 
elevated product yield (> 50%).   
      All of these results can be best understood by considering the independent reaction of 
each stereoisomer of starting material (3.31 and ent-3.31) with catalyst 3.30 (Scheme 
3.6).  Eq. 3.2 and 3.3 illustrate that efficient site-selective homolysis of epoxides 3.31 and 
ent-3.31 will lead to  
                                                 
77
 For additional examples, see:  Vedejs, E.; Jure, M. Angew. Chem. Int. Ed. 2005, 44, 3974-4001 and 
references cited therein.  
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the major products 3.33 and ent-3.32 respectively (shown in bold encasements). For 
efficient catalyst control in this reaction, minor products 3.32 (eq. 3.2) and ent-3.33 (eq. 
3.33) should be present in only small amounts (shown in dashed encasements). The level 
of enantioselectivity for each product in this process will be determined by the ratio of 
the major product of one reaction (i.e. 3.33 in eq 3.2) in combination with its enantiomer 
that is generated by the minor pathway of the other concurring reaction (i.e. ent-3.33 in 
eq 3.3). Hence, for a RRRM a yield of 50% is possible for each enantiomer of product in 
the ideal case.  
     In situations where optically enriched starting materials are utilized in this process 
(RREM), amplified levels of optical purity and yields greater than 50% for the major 
product of the reaction are observed as demonstrated in entry 1 of Table 3.3. The 
reactions shown in Scheme 3.6 can also be used to rationalize this observation. The 
enhanced results for the major product of the reaction are directly related to the 
enantiomer ratio (9: 1) of the starting epoxide 3.31. By applying the same logic used 
above in the case of RRRM, we can understand this phenomenon. More of the major 
product 3.33 (eq. 3.2) and less of the minor product ent-3.32 is formed as a consequence 
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of the increased presence of 3.31 relative to ent-3.31. Owing to this fact, we observe 
elevated levels of asymmetric induction for the ring-opened product 3.33. Conversely, the 
minor product in this pathway (3.32 eq. 3.2) is obtained with diminished levels of optical 
purity by parallel reasoning.  
     The application of this catalyst to the regiodivergent openings of suitably 
functionalized epoxide substrates has led to Gansäuer’s recent publication on this topic.78  
This method exploits the use of stereogenic radicals that are formed by way of their chiral 
ligand 3.30 in the presence of the resident radical acceptor functionality (alkyne).  Eq. 3.4 
illustrates the general reaction. This catalyst demonstrates impressive control in the 
asymmetric epoxide opening as well as the diastereoselective radical cyclization for the 
reactive chiral radical intermediate, the reactive precursor to product 3.35.  This 
operational mode of cyclization has been explained through the use of models illustrated 
in Figure 3.12. The trans mode in these methylenecyclopentane-based structures is lower 
in energy due to the steric interactions between 
the O[Ti] and CH2OPG groups in the cis-model.   
     With these findings, the group expanded 
upon the method by investigating other racemic 
                                                 
78
 Gansäuer, A.; Shi, L.; Otte, M.  J. Am. Chem. Soc. 2010, 132, 11858-11859. 
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and enantioenriched substrates; some are illustrated in Table 3.4.  A very efficient 
process is observed for the formation of the non-cyclized product of the reaction.  
Products (3.42) are observed with ≥94% ee; however for the divergent cyclized products 
of the form 3.41, lower levels of optical purity are obtained (70-77% ee).  Nonetheless, 
diastereoselectivities for the concomitant cyclization are very good in all cases (≥ 82% 
d.r.).    
 
Despite eroded levels of enantioenriched cyclized products 3.41, this catalytic process 
serves as an excellent example in the RRRM arena.  Important features include the 
generation of two optically enriched radical intermediates in the divergent homolysis of a 
C-O bond.  Furthermore, the ability to trap one of these by the use of an appropriate 
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multifunctionalized substrate demonstrates the catalysts efficiency in performing an 
enantio- and diastereoselective cascade reaction in this context. 
     In 2009, Lautens and co-workers disclosed a 
chiral bis-phosphine ligand (Figure 3.13) for the 
rhodium catalyzed enantioselective divergent 
opening of functionalized bridging oxabicycles with 
various nucleophiles.
79
  The nature of the deviation is attributed to the chiral catalysts 
aptitude to insert itself selectively into two different C-O bonds of the corresponding 
racemic starting material substrate.  Scheme 3.7 demonstrates this occurrence in the 
intermediates 3.45 and 3.47 for this reaction.  This insertion showcases remarkable 
catalyst control considering the significant difference in sterics among the C-O bonds in 
the starting substrate (four possible intermediates, only the two major constituents are 
shown).      
  
  
 
 
                                                 
79
 Webster, R.; Böing, C.; Lautens, M. J. Am. Chem. Soc. 2009, 131, 444-445. 
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     The reaction affords the distinct and enantioenriched products 3.46 and 3.48 after 
nucleophilic addition.  The reaction is somewhat general and has been extended to other 
substrates such as those illustrated in Table 3.5.  Cyclic and acyclic secondary amine 
nucleophiles, as well as methanol have been shown to be effective in this reaction with 
the exception of entry 1 (Table 3.5).  In this case product 3.56 is not observed; instead, 
50% of the aromatic by-product 3.58 is obtained (Figure 3.14).  This serves as an 
unusual case of RRRM whereby one of the chiral reaction regio-products undergoes 
further reaction, which results in its transformation to an 
achiral product.  Largely, electronic perturbations (X = F 
or Br) of the substrate do not adversely affect the reaction 
efficiency (entries 4-6).  Amines could be used 
successfully in this ring-opening divergent process.  Also, 
stereoelectronic probes of the R group in the parent substrate (entries 7-10) yielded 
products with moderate to excellent levels of optical purity (74- >99% ee) in good yields 
(27- 49%). 
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     A truly remarkable example of RRRM is illustrated in their final example shown in 
Scheme 3.8.  To prevent an unwanted decomposition of one enantiomer of product in the 
catalytic reaction of racemic substrate 3.59, dibenzylamine is added to the reaction 
mixture.  This demonstrates an amazing competition of inter- and intramolecular addition 
between the non-equivalent nucleophiles di-benzylamine and the tethered primary 
alcohol.  Although there exists an advantage in reactivity of the nitrogen- versus the 
oxygen-nucleophile, the catalytic reaction of racemic substrate 3.59 yields the optically 
enriched exclusive products 3.60 and 3.61.  These are obtained as a direct consequence of 
the divergent C-O insertion of the chiral catalyst in combination with the matched 
opening of the rhodacycle with the appropriate nucleophile.        
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     A recent example of regiodivergent ring-
openings of chiral aziridines has been 
disclosed by Wu, Parquette and RajanBabu.
80
  
This work makes use of a “capsular” chiral 
dimeric yttrium-salen complex 3.62 (Figure 
3.15), which the authors claim is responsible 
for activation and recognition of each enantiomer of aziridine in a unique orientation.  
These resultant diastereomeric complexes expose a different electrophilic site suitably 
activated for substitution. This is the origin of regiodivergence. The scope of their results 
is depicted in Table 3.6.  
                                                 
80
 Wu, B.; Parquette, J. R.; RajanBabu, T. V. Science 2009, 326, 1662. 
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     Entries 1-5 demonstrate efficiency in this catalysts’ mode of reaction.  Exceptional 
levels of asymmetric induction (90- > 99% ee) and good yields (15- 51%) are observed 
for each regioisomer of chiral racemic starting materials 3.63- 3.67.  Substrate 3.68, 
however, proved more difficult in this context.  The use of t-butyl aziridine afforded 
some product 3.71 in good yield and high enantioselectivity (35% yield, 95% ee); 
however, the reaction never proceeded to completion.  This case of kinetic resolution 
resulted in recovered starting material with low enantioselectivity.  Entries 7-10 
constitute studies on single-enantiomer substrates.  These results demonstrate a highly 
site-selective azidation of aziridines by catalyst 3.62. 
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     Several components to this mode of catalyst control in the aziridine-opening merit 
mention.  The net reaction constitutes a formal Markovnikov and anti-Markovnikov 
catalyst-enabled addition of azide to the more substituted and less substituted 
electrophilic site of the (S) and (R)- aziridine enantiomer, respectively.  The products 
afforded by this process (i.e. 3.71 and 3.72) possess the identical (R)-stereocenter. This is 
a result of an SN2 substitution of the (S)-enantiomer of the starting material and retention 
in the substitution of the (R)-stereocenter of the other enantiomer. Interestingly, through 
further elaboration these two divergent products could be equated to enantioenriched 1,2-
diamines. 
 
3.5 RRRM by catalytic enantioselective silylation       
     Our previous investigations had demonstrated that catalyst 2.28 was responsible for 
the enantioselective silylation of cyclic and acyclic meso 1,2- and 1,3-diols.
81
  Based on 
our studies, we had generated a working hypothesis for the catalyst in its actions and had 
developed optimized reaction parameters for this reaction.  By applying these concepts, 
we had hoped to unravel a new pathway for RRRM; specifically, divergence based on a 
site-selective silylation of each enantiomer of racemic starting material.   If the catalyst 
could accomplish this in a highly specific way, then this pathway might be realized.  
Fortunately , this was indeed the case.  Scheme 3.9 illustrates a general pathway for this 
reaction.  Noteworthy is the fact that the R groups in these in these studies needed to be 
                                                 
81
 Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Nature 2006, 443, 67-70. 
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sterically and electronically similar.  Profound differences in the identities of R1 and R2 
led to efficient kinetic resolution.
82
  
      
     Classic protocols for the dihydroxylations of olefins were utilized in the preparation of 
a variety of racemic 1,2-diols used in this study.
83
  Many iterations of optimizations 
ensued in order to achieve desirable results.  Table 3.7 outlines the scope of this study.  
As evidenced from these results, catalyst 2.28 exhibits very good to excellent control in 
the silylation of cyclic (entries 1-3 and 5) and acyclic (entries 4 and 6) racemic syn 1,2-
diol substrates.  The catalyst exhibits a high tolerance for different sized ring systems 
(entries 1-3).  Also, entry 2 demonstrates an interesting case in chemoselectivity resulting 
in a ~1:1 enantioselective silylation of allylic and homoallylic hydroxyl groups of the 
appropriately suited racemic reactant.  Figure 3.16 illustrates this point.   
 
                                                 
82
 Zhao, Y.; Mitra, A.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2007, 46, 8471-8474. 
83
 VanRheenen, V.; Kelly, R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 17, 1973-1976. 
Chapter 3 
Page 160 
 
 
     Conformers 3.74 and ent-3.74 of the racemic reactant should be favored under the 
silylative reaction conditions (performed at -30 °C) due to the donation of the 
neighboring π-system into the C-O σ*.  This argument is also explains the increased 
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nucleophilicity of the allylic hydroxyl when compared with the homoallylic hydroxyl of 
this substrate.  However, under the present conditions, silylether 3.86 is made in 
significant quantities.  It can be rationalized that perhaps silylation occurs at the less 
encumbered homoallylic site from the major conformer ent-3.74.  But if one assumes that 
substitution occurs at the least encumbered site, then one might argue that conformer 
3.74’ is responsible for giving rise to product 3.80.   This observation, if true would be a 
nice example of the Curtin-Hammett principle in which the rate of interconversion of 
conformers 3.74 and 3.74’ is faster than the rate of silylation.   
      
     Conversely, a different explanation for the emergence of these products might entail 
the recognition of the major conformers 3.74 and ent-3.74 exclusively with the chiral 
catalyst in a controlled way to yield products 3.80 and 3.86, respectively.  This is 
visualized in Figure 3.17.  The origin of enantioselectivity for the reaction can be 
rationalized with this illustration.  Hence by considering only catalyst complexed diol 
3.74, only two products can be formed (3.80 and ent-3.86).  These products are depicted 
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by the major and minor pathways for this substrate enantiomer.  Likewise, if one 
considers catalyst complexed substrate ent-3.74 then a major and minor product is 
realized in this reaction.  Hence, the level of asymmetric induction in each of the 
reactions’ regiosilylated products (3.80 and 3.86) is determined by the ratio of the major 
product from one catalyst complexed substrate with that of the minor product from the 
enantiomeric substrate catalyst complex.     
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     The results detailed in entry 4 demonstrate a spectacular case of catalyst control in the 
site-selective silylation of each enantiomer of the reactant. Chiral organocatalyst 2.28 is 
able to differentiate between the hydroxyls proximal to the ethyl and n-propyl 
substituents in each enantiomer of the parent substrate. As a result, the regioproducts A 
and B (3.82 and 3.88 respectively) from the reaction of compound 3.76 showcase 
exceptional levels of asymmetric induction (95% ee for both).   
     Entries 1 and 3 (reactants 3.73 and 3.75 respectively) also merit mention.  Both of 
these demonstrate some level of substrate control in this process possibly owing to 
conformational preferences in these 5- and 7-member ene-diol systems.  This substrate 
control can be inferred by the difference in the observed levels of each regioproduct 
formed by this process.  In accord with the Horeau relationship (eq. 3.1), the major 
product is observed in lower enantiomeric purity.   
     Entries 2, 5 and 6 (substrates 3.74, 3.77 and 3.78) all provide their corresponding 
regioproducts with good to excellent enantiopurity in roughly equal amounts.  Overall the 
yields for these chiral racemic materials are very good. 
     The resident olefin in the starting materials from entries 1-3, 5 and 6 presents a handle 
for the elaboration of the divergent optically enriched products afforded by this reaction 
pathway.  To this end, we sought to make use of the functionally distinct and 
enantioenriched chiral synthons 3.80 and 3.86 for the purpose of natural product 
synthesis; however, the enantioselectivities for these products would first need to be 
enhanced. 
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     To accomplish this, we utilized the method of Sharpless in the asymmetric 
dihydroxylation (AD) of 1,3-cyclohexadiene.
84
 Arguably one of the most powerful 
enantioselective catalytic methodologies, Sharpless AD is not very effective in the 
dihydroxylations of 1,2-cis-disubstituted olefins.  This is evidenced by the enantiomer 
ratios achieved by both catalysts for Sharpless AD of 1,3-cyclohexadiene detailed in 
Scheme 3.10.  Although for our purposes, the ability to acquire 3.74 and ent-3.74 with 
some level of optical enrichment would serve to increase the theoretical yield of product 
when combined with our silylative process.  Scheme 3.10 details the results from 
combining the complimentary Sharpless AD catalysts with the regiodivergent silylation 
of the enantioenriched  ene-diol mixture 3.74 and ent-3.74. When these results are 
compared with those in Table 3.7 a marked difference can be seen.  This double 
asymmetric process provides convenient access to enhanced yields and optical purities 
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for the major products from each regiodivergent path (3.80 with 97% ee, 62% yield [eq 
3.5]; 3.86 with 90% ee and 66% yield [eq 3.6]) as a consequence of using non-racemic 
starting material.  In turn, we exploited these tandem catalytic asymmetric processes for 
the syntheses of chiral synthons 3.80 and 3.86 and applied these to the syntheses of 
biologically relevant molecules. 
3.6 Application of RRRM by catalytic enantioselective silylation to 
natural product synthesis      
Optically enriched building block 3.80 affords a 
convenient entry for the synthesis of sapinofuranone A 
(3.91, Figure 3.16).  This butanolide natural product 
was first isolated with its C-4 epimer sapinofuranone 
B (3.98, Scheme 3.11) from the liquid cultures of Sphaeropsis sapinea in 1999 by 
Evidente and co-workers.
85
  To date, there have been no reported laboratory syntheses of 
sapinofuranone A; however, a recent communication for the synthesis of sapinofuranone 
B has been reported by Kumar and co-workers in 2005.
86
  Their route to this natural 
product is detailed in Scheme 3.11.   
                                                 
85
 Evidente, A.; Sparapano, L.; Fierro, O.; Bruno, G.; Motta, A. J. Nat. Prod. 1999, 62, 253-256. 
86
 Kumar, P.; Naidu, S. V., Gupta, P. J. Org. Chem. 2005, 70, 2843-2846. 
Chapter 3 
Page 166 
 
     Ester 3.92 is achieved in three synthetic steps from 1,4-butanediol.  Sharpless 
asymmetric dihydroxylation is employed to set the stereochemical course of the 
synthesis.  Hence diol 3.93 is obtained in 96% yield and with 97% ee.  From this 
intermediate, a series of reactions are performed yielding intermediates 3.93- 3.97 toward 
the synthesis of sapinofuranone B (3.98).  In all, eleven linear chemical operations are 
required.  Also, this synthesis relies on Sharpless’s well established enantioselective 
dihydroxylation.  The overall yield for their process is ~30%. 
      
     The absolute configuration of sapinofuranone A remains a subject of debate due to the 
fact that its assignment was based purely on spectroscopic means and Mosher ester 
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analysis.
87
 To this end, Scheme 3.12 details our inaugural synthesis of ent-
sapinofuranone A (3.91) by way of our enantioenriched silylether 3.80.  This chiral 
building block is subjected to  the one-pot ozonolysis/oxidation protocol developed by 
Schreiber
88
 to furnish aldehyde 3.99 in 83% yield.  This sensitive intermediate is used 
directly in the following Wittig olefination.  Under optimized conditions, silylether 
intermediate 3.100 can be obtained in 78% yield with only modest Z:E olefin geometry 
(2.4:1).  After chromatographic separation of these isomers, deprotection of the silylether 
is accomplished by employing TBAF in THF to afford ent-sapinofuranone A (ent-3.91) 
in 94% yield.  Further studies (synthesis of Mosher esters of ent-3.91) would confirm that 
Evidente and co-workers had correctly deduced the absolute configuration of the natural 
product.  However, our investigations would challenge the reported rotation of the natural 
product 3.91 (from (+) to (-)).   
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     It is important to note that this natural product synthesis requires only 5 synthetic steps 
from 1,3-cyclohexadiene.  It features the application of a new reaction mode to furnish 
the product in ~26% yield with high enantioselectivity (>95% ee). 
      
     An empirical observation suggested that chiral synthon 3.86 could be conveniently 
transformed into optically enriched silylether 3.103 (Scheme 3.13).  This is accomplished 
by a straightforward oxidation of 3.86   to yield enone 3.101.    Methyl addition to the 
carbonyl was accomplished with methyl-Grignard and afforded alcohol 3.102 nearly 
quantitatively and with low diastereoselectivity (2:1 d.r.).  This low level of 
diastereomeric excess was of no consequence as the following PCC oxidation served to 
furnish our desired silylether 3.103 in good yield.   This optically enriched compound has 
been used as a crucial intermediate in the asymmetric syntheses of natural products such 
as kinamycin J
89
 and karahana lactone.
90
 As such, our method outlines a unique approach 
to the enantioselective synthesis of this important chiral building block. 
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3.7 Conclusions 
     In conclusion, our method for the regiodivergent silylation of a racemic mixture is a 
unique example of this type of reaction manifold.  It is accomplished by a site-selective 
silylation of each enantiomer of the reactant diol.  This type of approach is unprecedented 
for RRRM.  Also, this group transfer reaction can be useful in resolving enantiomers of 
the racemic diol reactant.  Organocatalyst 2.28 has been shown to be an efficient agent 
for this process as regioisomeric products can be obtained in very good yields and with 
high enantioselectivities.  In addition to this, optically enriched mixtures of diols can be 
used in this process (RREM) to afford a major product with enhanced optical purity and 
yield.  Finally, this method has been used to showcase its utility in synthesis.  Optically 
enhanced products from this catalytic silylative protocol (3.80 and 3.86) were elaborated 
to synthesize and support the stereochemical assignment of sapinofuranone A (3.91); and 
to provide alternate access to an important synthetic chiral intermediate (3.103), 
respectively. 
   
3.8 General information 
Infrared (IR) spectra were recorded on a Perkin Elmer 781 spectrophotometer, max in 
cm
-1
.  Bands are characterized as broad (br), strong (s), medium (m), and weak (w).  
1
H   
NMR spectra were recorded on a Varian GN-400 (400 MHz). Chemical shifts are 
reported in ppm with the solvent reference as the internal standard (CHCl3:  7.26).  Data 
are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t 
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= triplet, q = quartet, m = multiplet, br = broad), and coupling constants (Hz).  
13
C NMR 
spectra were recorded on a Varian GN-400 (100 MHz) with complete proton decoupling. 
Chemical shifts are reported in ppm with the solvent reference as the internal standard 
(CHCl3:  77.23).   Melting points (mp) were taken with a Laboratory Devices Melt-
Temp and were uncorrected.  Enantiomeric ratios were determined by gas liquid 
chromatography (GLC) on a Hewlett Packard HP 6890 with a Beta Dex 120 (30 m x 0.25 
mm x 0.25 μm film thickness), or a Gamma Dex 120 (30 m x 0.25 mm x 0.25 μm film 
thickness) column.  Optical rotations were measured on a Rudolph Research Analytical 
Autopol IV Automatic Polarimeter.  High resolution mass spectrometry (HRMS) was 
performed by mass spectrometry facility at Boston College. 
 
Reagents and catalyst 
Racemic diols (Substrates in Table 1): Prepared according to literature procedure.
91
 
Catalyst 1: Prepared according to a known literature procedure. 
81
 
Chlorotriethylsilane (TESCl): Purchased from Aldrich and distilled from 3 Å molecular 
sieves prior to use. 
Citric Acid: Purchased from Fisher and used as received. 
tert-Butyldimethylsilyl chloride (TBSCl): Purchased from Aldrich and used as received. 
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Diisopropylethylamine (DIPEA): Purchased from Aldrich and used as received. 
Imidazole: Purchased from Aldrich and used as received. 
Tetrahydrofuran (THF): Dried on alumina columns by a solvent dispensing system 
prior to use. 
Toluene (Tol): Dried on alumina columns by a solvent dispensing system prior to use. 
 
General procedure for the regiodivergent reaction on a racemic mixture of 1, 2-syn 
diols through catalytic enantioselective silylation with TBS-Cl  
Catalyst 1 (19 mg, 0.06 mmol) and the diol substrate (0.2 mmol) were weighed into 
a 10 x 75 mm test tube. THF (48 L) and DIPEA (52 L, 0.3 mmol) were added with a 
Gilson Pipetman. The tube was capped with a septum, and the mixture was allowed to 
cool to –78 oC.  TBSCl (45 mg, 0.3 mmol) was dissolved in THF (55 L, total volume ~ 
100 L) and added to the test tube with a Gilson Pipetman.  The test tube was capped 
with a septum, wrapped with Teflon tape and the mixture was allowed to stir at the 
appropriate temperature (see below for details) in a cryocool apparatus for the reported 
period of time.  The reaction was quenched by addition of DIPEA (25 L) and methanol 
(25 L).  The mixture was allowed to warm to 23 
o
C, diluted with ethyl acetate (20 mL) 
and washed with 10 mL of 10% citric acid (aq).  The aqueous layer was washed with 
ethyl acetate (2 x 15 mL) and the combined organic layer was dried over MgSO4, filtered 
and concentrated to afford a yellow oil.  The crude product was purified by silica gel 
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chromatography (10% diethyl ether in hexanes to 1:1 diethyl ether:hexanes) and analyzed 
by GLC (Supelco Beta, or Gamma Dex 120). 
The aqueous layer was basified with 3 N NaOH until pH 12 and extracted with 
CH2Cl2 (3 x 15 mL).  The combined organic layers were dried over MgSO4, filtered and 
concentrated under high vacuum to provide the recovered catalyst 1 as a white solid 
(mass recovery > 90%).  The recovered catalyst was used directly for the silylation 
reactions with the same efficiency and selectivity. 
 
General procedure for the regiodivergent reaction on a racemic mixture of 1,2-syn 
diols through catalytic enantioselective silylation with TES-Cl 
Catalyst 1 (12 mg, 0.04 mmol) and the diol substrate (0.2 mmol) were weighed into 
a 10 x 75 mm test tube. THF (148 L) and DIPEA (52 L, 0.3 mmol) were added with a 
Gilson Pipetman. The tube was capped with a septum, and the mixture was allowed to 
cool to –78 oC.  TESCl (42 L, 0.25 mmol) was dissolved in THF (158 L, total volume 
~ 200 L) and added to the test tube with a Gilson Pipetman.  The test tube was capped 
with a septum, wrapped with Teflon tape and the mixture was allowed to stir at –78 oC in 
a cryocool apparatus for 48 h.  The reaction was quenched by addition of DIPEA (25 L) 
and methanol (25 L).  The mixture was allowed to warm to 23 
o
C, diluted with ethyl 
acetate (20 mL) and washed with 10 mL of 10% citric acid (aq.).  The aqueous layer was 
washed with ethyl acetate (2 x 15 mL) and the combined organic layer was dried over 
MgSO4, filtered and concentrated to afford a yellow oil.  The crude product was purified 
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by silica gel chromatography (10% diethyl ether in hexanes to 1:1 diethyl ether:hexanes) 
and analyzed by GLC (Supelco Beta, or Gamma Dex 120). 
 
Characterization Data 
(1S, 2R)-2-(tert-Butyldimethylsilyloxy)cyclopent-3-enol (3.79):  IR (neat, 
thin film): 3538 (br), 3062 (m), 2953 (m), 2929 (m), 2888 (m), 2857 (m), 
1082 (m), 923 (m), 836 (s), 778 (s) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  
5.86 (1H, m), 5.82 (1H, dq, J = 6.0, 2.0 Hz), 4.32 (1H, t, J = 5.2 Hz), 4.34 (1H, td, J = 
6.4, 3.6 Hz), 2.95 (1H, d, J = 5.6 Hz), 2.51 (1H, ddt, J = 16.8, 5.6, 2.0 Hz), 2.30 (1H, ddq, 
J = 16.4, 3.6, 2.0 Hz), 0.91 (9H, s), 0.12 (3H, s), 0.11 (3H, s). 
13
C NMR (CDCl3, 100 
MHz): 132.6, 132.1, 77.5, 76.9, 75.4, 72.1, 40.1, 26.1, 18.4, 4.35, 4.73. HRMS [M-
OH]
+
: Calculated for C11H21OSi: 197.1361; Found: 197.1370. Optical Rotation: [ ]
20
D  
14.4 (c = 2.5, CHCl3). 
     Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 m x 
0.15 mm x 0.25 μm film thickness), 80 oC isothermal, 15 psi.); chromatograms are 
illustrated below for a 76% ee sample: 
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(1S, 5R)-5-(tert-Butyldimethylsilyloxy)cyclopent-2-enol (3.85):  IR 
(neat, thin film): 3529 (br), 3061 (br), 2953 (m), 2929 (m), 2899 (m), 2857 
(m), 1078 (s), 938 (m), 835 (s), 776 (s) cm
-1
. 
1
H NMR (CDCl3, 400 
MHz):  5.87 (1H, dqd, J = 4.4, 2.0, 1.2 Hz), 5.65 (1H, dq, J = 6.0, 2.0 Hz), 4.63 (1H, m), 
4.20 (1H, qd, J = 5.6, 2.8 Hz), 3.03 (1H, d, J = 4.8 Hz), 2.49 (1H, ddtd, J = 17.2, 6.0, 2.4, 
0.8 Hz), 2.34 (1H, m), 0.91 (9H, s), 0.12 (3H, s), 0.11 (3H, s). 
13
C NMR (CDCl3, 100 
MHz): 132.7, 131.4, 77.5, 77.0, 76.9, 70.7, 39.9, 26.1, 18.4, -4.20, -4.63. HRMS 
[M+H]
+
: Calculated for C11H23O2Si: 215.1467; Found: 215.1459.  Optical Rotation: 
[ ]
20
D  -226 (c = 3.8, CHCl3). 
     Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 m x 
0.15 mm x 0.25 μm film thickness), 80 oC isothermal, 15 psi.); chromatograms are 
illustrated below for a 92% ee sample: 
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(1S, 2R)-2-(tert-Butyldimethylsilyloxy)cyclohex-3-enol (3.80):  IR (neat, 
thin film): 3570 (br), 3031 (br), 2955 (s), 2928 (s), 2858 (s),  1729 (s), 1462 
(w), 1078 (s), 837 (s), 778 (m) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  5.81 
(1H, dtd, J = 10.0, 3.8, 1.2 Hz), 5.53 (1H, ddt, J = 10.0, 3.4, 2.0 Hz), 4.18 (1H, m)  3.77 
(1H, m), 2.56 (1H, d, J = 5.6 Hz), 2.26 -2.17 (1H, m) 2.01- 1.83 (2H, m), 1.67 (1H, dtd, J 
= 12.8, 6.4, 2.8 Hz), 0.910 (9H, s), 0.114 (3H, s), 0.109 (3H, s). 
13
C NMR (CDCl3, 100 
MHz): 130.5, 127.5, 77.6, 76.9, 68.5, 68.2, 26.5, 26.1, 25.9, 22.8, -3.93, -4.43. HRMS 
[M+H]
+
: Calculated for C12H25O2Si: 229.1624; Found: 229.1628. Optical Rotation: 
[ ]
25
D  21 (c = 1.0, CHCl3). 
Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 m 
x 0.15 mm x 0.25 μm film thickness), 140 oC hold 110 min, 15 psi.); chromatograms are 
illustrated below for a 97% ee sample: 
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(1S, 6R)-6-(tert-Butyldimethylsilyloxy)cyclohex-2-enol (3.86):  IR 
(neat, thin film): 3561 (br), 3029 (br), 2952 (s), 2929 (s), 2857 (s),  1471 
(w), 1096 (s), 837 (s), 776 (m) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  5.85 
(1H, m), 5.73 (1H, ddt, J = 9.6, 4.0, 2.0 Hz), 4.01 (1H, m)  3.86 (1H, dt, J = 10.4, 3.2 
Hz), 2.63 (1H, d, J = 4.0 Hz), 2.25-2.14 (1H, m) 2.06-1.95 (1H, m), 1.88-1.78 (1H, m), 
1.62-1.55 (1H, m), 0.911 (9H, s), 0.106 (3H, s), 0.096 (3H, s).  
13
C NMR (CDCl3, 100 
MHz): 131.0, 127.2, 77.5, 76.9, 70.5, 66.8, 26.4, 26.1, 24.1, 18.4, -4.16, -4.56. HRMS 
[M-OH]
+
: Calculated for C12H23OSi: 211.1518; Found: 211.1516.  Optical Rotation: 
[ ]
20
D  -92.0 (c = 3.8, CHCl3). 
     Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 140 oC hold 110 min, 15 psi.); chromatograms 
are illustrated below for a 80% ee sample: 
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(1S, 2R)-2-(tert-Butyldimethylsilyloxy)cyclohept-3-enol (3.81):  IR 
(neat, thin film): 3467 (br), 3021 (m), 2928 (m), 2885 (m), 2856 (m), 1251 
(m), 835 (s), 775 (s) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  5.85 (1H, dddd, 
J = 11.6, 7.2, 5.6, 2.0 Hz), 5.50 (1H, ddt, J = 11.6, 4.0, 1.6 Hz), 4.42 (1H, dq, J = 3.2, 1.6 
Hz)  3.80 (1H, m), 2.22 (1H, dtd, J = 15.6, 7.6, 2.4 Hz), 2.13 (1H, d, J = 5.2 Hz), 2.11-
1.94 (2H, m), 1.79-1.60 (2 H, m), 1.47 (1H, m), 0.904 (9H, s), 0.076 (3H, s), 0.073 (3H, 
s). 
13
C NMR (CDCl3, 100 MHz): 
. HRMS 
[M-OH]
+
: Calculated for C13H25OSi: 225.1675; Found: 225.1680. Optical Rotation: 
[ ]
20
D  -113 (c = 1.0, CHCl3). 
Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 m 
x 0.15 mm x 0.25 μm film thickness), 130 oC hold 60 min, 15 psi.); chromatograms are 
illustrated below for a 69% ee sample: 
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(1S,7R)-7-(tert-Butyldimethylsilyloxy)cyclohept-2-enol (3.87):  IR 
(neat, thin film): 3446 (br), 3026 (br), 2951 (m), 2929 (m), 2885 (m), 2856 
(m), 1251 (m), 836 (s), 775 (s) cm
-1
.  
1
H NMR (CDCl3, 400 MHz):  5.86 
(1H, dtd, J = 12.4, 6.4, 1.6 Hz), 5.55 (1H, dd, J = 11.6, 5.2 Hz), 4.25 (1H, m),  3.89 (1H, 
dt, J = 8.4, 2.4 Hz), 2.3-1.96  (4H, m), 1.75-1.65 (2H, m), 1.5-1.3 (1H, m), 0.895 (9H, s), 
0.076 (3H, s), 0.070 (3H, s). 
13
C NMR (CDCl3, 100 MHz): 133.2, 131.0, 77.6, 76.9, 
74.2, 73.9, 34.4, 28.8, 26.1, 22.5, 18.4, -4.20, -4.56. HRMS [M-OH]
+
: Calculated for 
C13H25OSi: 225.1675; Found: 225.1665. Optical Rotation: [ ]
20
D  18 (c = 1.0, CHCl3). 
Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 m 
x 0.15 mm x 0.25 μm film thickness), 130 oC hold 60 min, 15 psi.); chromatograms are 
illustrated below for a 97% ee sample: 
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(3R, 4S)-3-(triethylsilyloxy)heptan-4-ol (3.82) and 
(3S, 4R)-4-(triethylsilyloxy)heptan-3-ol (3.88) could 
not be derivitized to characterize the individual products of this transformation although, 
characterization was conducted on this mixture.  The enantiomeric purity was established 
on the direct products resulting from the enantioselective catalytic silylation. The 
chromatograms are illustrated below for 95% ee samples:  
    Enantiomeric purity was established by GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 130 oC hold 60 min, 15 psi.); chromatograms are 
illustrated below for a 91% ee sample (Note:  Because only one of the regioisomeric 
products can be resolved by GLC, Horeau’s equation is applied to the system in order to 
derive the enantiopurity for the unresolved regioproduct). 
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This mixture of regioisomeric products could not be separated even when derivatization 
was attempted. 
 
(1S,2R)-2-(tert-Butyldimethylsilyloxy)-4-
methylcyclohex-4-ene-1-ol (3.83) and (1R, 
2S)-1-(tert-Butyldimethylsilyloxy)-4-
methylcyclohex-4-ene-2-ol (3.89) were derivatized to characterize the products of this 
transformation, although the enantiomeric purity was established on the direct products 
resulting from the enantioselective catalytic silylation. Chromatograms are illustrated 
below for ~93% ee samples: 
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Below are examples of optically and regioisomerically enriched samples obtained after 
silica gel chromatography:    
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This mixture of regioisomeric products was subjected to Sharpless asymmetric 
dihydroxylation (AD-mix- ) according to known literature precedent.
92
  The crude 
products were purified by silica gel chromatography (60% ethyl acetate/hexanes) to 
afford the following product: 
IR (neat, thin film): 3422 (br), 2953 (m), 2929 (m), 2885 (m), 2857 
(m), 1462 (w), 1289 (m), 1061 (s), 1021 (s), 832 (s), 775 (s), 730 
(m), 670 (m), 435 (w) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  4.00 (1H, ddd, J = 9.2, 7.2, 
3.2 Hz), 3.76 (1H, q, J = 3.2 Hz), 3.79 (1H, m),  2.41 (1H, s), 2.03 (1H, dt, J = 13.6, 4.4 
Hz), 1.96- 1.74 (4H, m), 1.25 (3H, s), 0.885 (9H, s), 0.084 (3H, s), 0.076 (3H, s). 
13
C 
NMR (CDCl3, 100 MHz): 72.3, 70.4, 70.3, 69.1, 39.8, 34.1, 27.6, 26.0, 18.3, -4.30, -
4.55. HRMS [M+H]
+
: Calculated for C13H29O4Si: 277.1835; Found: 277.1828. Optical 
Rotation: [ ]
20
D  -2.0 (c = 1.0, CHCl3). 
 
In order to obtain a pure sample of the other regioproduct (contaminated with 
methane sulfonamide after column), the acetonide derivative was prepared according to 
known procedures.
93
 The crude product was purified by silica gel chromatography (10% 
ethyl acetate/hexanes) to afford the following product: 
 
                                                 
92
 D. P. G. Hamon, K. L. Tuck, H. S. Christie, Tetrahedron  2001, 57, 9499-9508. 
93
 Z. Liu, B. –H. Hu, P. B. Messersmith, Tetrahedron Lett. 2008, 49, 5519–5521. 
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IR (neat, thin film): 3574 (br), 2984 (m), 2955 (m), 2931 (m), 
2859 (m), 1371 (m), 1234 (m), 1185 (s), 1097 (s), 1074 (s), 927 
(m), 812 (s), 778 (s), 671 (m), 519 (w) cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  4.00 (1H, 
ddd, J = 10.8, 5.2, 3.2 Hz), 3.91 (1H, m), 3.81 (1H, m),  2.31 (1H, dd, J = 2.0, 1.6 Hz), 
2.10-1.80 (4H, m), 1.46 (3H, s), 1.43 (3H, s), 1.33 (3H, s), 0.893 (9H, s), 0.099 (3H, s), 
0.091 (3H, s). 
13
C NMR (CDCl3, 100 MHz): 107.3, 79.9, 77.9, 69.8, 67.9, 39.3, 29.5, 
28.5, 27.2, 26.4, 26.0, 18.2, -4.24, -4.51. HRMS [M+H]
+
: Calculated for C16H33O4Si: 
317.2148; Found: 317.2157. Optical Rotation: [ ]
20
D  -1.0 (c = 1.0, CHCl3). 
(2R, 3S)-6-(benzyloxy)-2-(tert-Butyldimethylsilyloxy)hex-4-yn-
3-ol (3.84):  IR (neat, thin film): 2953 (m), 2929 (m), 2885 (m), 
2856 (m), 1472 (w), 1454 (w), 1254 (m), 1097 (s) 835 (s), 777 (s) 
cm
-1
. 
1
H NMR (CDCl3, 400 MHz):  7.38 -7.28 (5H, m), 4.61 (2H, s), 4.34 (1H, br), 4.23 
(2H, dd, J = 2.4, 1.6 Hz), 3.95 (1H, qd, J = 6.0, 4.0 Hz), 2.42 (1H, d, J = 5.2 Hz), 1.25 
(3H, d, J = 6.4 Hz), 0.907 (9H, s), 0.103 (6H, s). 
13
C NMR (CDCl3, 100 MHz): 137.6, 
128.6, 128.2, 128.0, 84.8, 82.2, 71.7, 71.2, 67.3, 57.6, 26.0, 18.5, 18.3, -4.14, -4.53 . 
HRMS [M+H]
+
: Calculated for C19H31O3Si: 335.2043; Found: 335.2057.  Optical 
Rotation: [ ]
20
D  0 (c = 1.0, CHCl3). 
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(2S, 3R)-6-(benzyloxy)-3-(tert-Butyldimethylsilyloxy)hex-4-yn-2-
ol (3.90):  IR (neat, thin film): 2955 (m), 2929 (m), 2889 (m), 2856 
(m), 1472 (w), 1463 (w), 1252 (m), 1098 (s) 838 (s), 778 (s) cm
-1
.   
7.37 -7.27 (5H, m), 4.60 (2H, s), 4.34 (1H, dt, J = 4.4, 1.6 Hz), 4.23 (2H, d, J = 1.6 Hz), 
3.81 (1H, qd, J = 6.0, 4.4 Hz), 2.32 (1H, br), 1.25 (3H, d, J = 6.0 Hz), 0.928 (9H, s), 
0.184 (3H, s) 0.150 (3H, s).  
13
C NMR (CDCl3, 100 MHz): 137.6, 128.6, 128.2, 128.0, 
85.1, 82.4, 71.7, 70.9, 68.1, 57.6, 26.0, 18.5, 18.0, -4.15, -4.76.  HRMS [M+H]
+
: 
Calculated for C19H31O3Si: 335.2043; Found: 335.2039. Optical Rotation: [ ]
20
D  -22.3 
(c = 1.0, CHCl3).  
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Enantioselective total synthesis of sapinofuranone A 
 
(S)-2-(tert-Butyldimethylsilyloxy)-2-((S)-5-oxotetrahydrofuran-2-yl)acetaldehyde 
(3.99):  A solution of TBS ether 3.80 (0.19 g, 0.83 mmol) in ethyl acetate (100 mL) at –
78 
o
C was purged with ozone until the solution turned blue.  The system was then purged 
with N2 until the blue color had disappeared (approximately 15 min).  To this solution 
were added acetic anhydride (0.25 g, 2.5 mmol) and DIPEA (0.52g, 4.0 mmol) using a 
microsyringe.  The mixture was allowed to stir for 5 minutes prior to the addition of 
DMAP (0.01 g, 0.08 mmol).  The reaction mixture was quenched by the addition of 
saturated aqueous NaHCO3 solution (50 mL).  The mixture was partitioned and the 
Chapter 3 
Page 186 
 
organic layer was collected. The aqueous layer was extracted with EtOAc (50 mL x 2). 
The organic layers were combined and dried over anhydrous MgSO4. The mixture was 
filtered and solvent was removed in vacuo to yield a light yellow oil (~ 300 mg). This 
was purified by Florisil
®
 chromatography (200 mesh, 30% EtOAc/hexanes) to yield 
desired product 3.99 as a colorless oil (0.18 g, 83% yield over 2 steps). 
IR (neat, thin film): 2956 (s), 2930 (s), 2857 (s), 1781 (s), 1734 (s), 1463 (w), 1361 (w) 
1256 (m), 1135 (s), 838 (s), 780 (m), 541 (w) cm
-1
.  
1
H NMR (CDCl3, 400 MHz):  9.68 
(1H, s), 4.87 (1H, dt, J = 2.8, 7.2 Hz), 3.51 (1H, d, J = 10.0 Hz), 3.45 (1H, d, J = 10.8 
Hz), 2.77 (1H, s), 2.36 (1H, s), 1.11 (3H, s), 0.935 (9H, s), 0.143 (3H, s), 0.120 (3H, s). 
13
C NMR (CDCl3, 100 MHz): 201.7, 176.8, 79.3, 78.8, 28.5, 25.9, 21.7, 18.4, -4.67, -
4.73. HRMS [M+H]
+
: Calculated for C12H23O4Si: 259.1366; Found: 259.1359. Optical 
Rotation: [ ]
20
D  -15.0 (c = 1.0, CHCl3). 
 
 
 
(S)-5-((R,  2Z, 4E)-1-(tert-Butyldimethylsilyloxy)hexa-2,4-dienyl)dihydrofuran-
2(3H)-one (3.100):    A suspension of the Wittig salt ( 0.25 g, 0.71 mmol) in THF (5 mL) 
is deprotonated  by the slow addition (approximately 5 minutes) of freshly titrated n-BuLi 
(323 L, 0.71 mmol) by microsyringe.  This deep red mixture is allowed to stir at room 
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temperature for one hour.  The contents of this mixture are then transferred to a syringe 
and fitted to a syringe pump.  This mixture is then added slowly (over 5 hours) to a 
solution of aldehyde 3.99 (0.18 g, 0.68 mmol) in THF (5 mL) at –78 oC.  The mixture is 
allowed to stir at this temperature for an additional 12 hours.  The reaction was quenched 
by the addition of saturated aqueous NaHCO3 solution (50 mL) and diluted with ethyl 
acetate (50 mL).  The mixture was partitioned and the organic layer was collected. The 
aqueous layer was washed with EtOAc (50 mL x 2). The organic layers were combined 
and dried over anhydrous MgSO4. The mixture was filtered and solvent was removed in 
vacuo to yield an orange oil.  This crude mixture was purified by silica gel 
chromatography (10% EtOAc/hexanes) to yield desired product 3.100 as a colorless oil 
(0.11g, 55% yield). 
 
IR (neat, thin film): 2956 (m), 2930 (m), 2886 (m), 2857 (m), 1781 (s), 1471 (m), 1255 
(m), 1105 (m), 894 (m), 835 (s), 779 (m).   
1
H NMR (CDCl3, 400 MHz):  6.24 (1H, dd, 
J = 13.6, 12.4 Hz), 6.03 (1H, t, J = 10.8 Hz), 5.79  (1H, dq, J = 14.0, 6.8 Hz), 5.14 (1H, 
dd, J = 11.2, 8.0 Hz), 4.85 (1H, d, J = 8.4 Hz), 4.42 (1H, ddd, J = 8.0, 4.4, 2.4 Hz), 2.60 
(1H, m), 2.42 (1H, ddd, J = 17.6, 10.8, 5.6 Hz)  2.33-2.25(1H, m), 2.16-2.07 (1H, m), 
1.81 (3H, d,  J = 6.8 Hz), 0.868 (9H, s), 0.066 (3H, s), 0.044 (3H, s). 
13
C NMR (CDCl3, 
100 MHz): 177.7, 133.4, 131.1, 126.7, 126.2, 82.6, 70.5, 28.9, 26.0, 21.2, 18.7, 18.3, -
4.37, -4.69. HRMS [M+H]
+
: Calculated for C16H29O3Si: 297.1886; Found: 297.1901. 
Optical Rotation: [ ]
20
D  47 (c = 1.0, CHCl3). 
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Sapinofuranone A (ent-3.91): To lactone 3.100 (25.0 mg, 0.084 mmol) in THF (2 mL) 
at 0 ºC was added a solution of 1M TBAF in THF (101 L, 0.10 mmol). The reaction 
mixture was allowed to stir at this temperature for 45 minutes. The mixture was diluted 
with diethyl ether (50 mL) and quenched with the addition of 25 mL of a 1M HCl (aq.) 
solution.  The mixture was partitioned and the organic layer was collected. The aqueous 
layer was washed with diethyl ether (50 mL x 2). The organic layers were combined and 
dried over anhydrous MgSO4. The mixture was filtered and solvent was removed in 
vacuo to yield a yellow oil.  This crude mixture was purified by silica gel 
chromatography (35% EtOAc/hexanes) to yield desired product ent-3.91 as a colorless oil 
(14.4 mg, 94% yield). 
IR (neat, thin film): 3432 (br), 3023 (w), 2916 (w), 2853 (w), 1771 (s), 1655 (w), 1186 
(m), 951 (m), 823 (m), 755 (w).  
1
H NMR (CDCl3, 400 MHz):  6.30 (1H, ddq, J = 13.7, 
11.2, 1.8 Hz), 6.15 (1H, dd, J = 11.2, 11.0 Hz), 5.82 (1H, dq, J = 13.7, 6.8 Hz), 5.20 (1H, 
dd, J = 11.0, 8.4 Hz), 4.88 (1H, dd, J = 8.4, 3.1 Hz), 4.51 (1H, dt, J = 7.2, 3.1 Hz), 2.51 
(2H, m), 2.20 (2H, m), 1.80 (3H, dd, J = 6.8, 1.8 Hz). 
13
C NMR (CDCl3, 100 MHz): 
177.5, 134.0, 133.3, 126.2, 123.9, 82.5, 68.8, 28.8, 21.6, 18.6. [M-OH]
+
: Calculated for 
C10H13O2: 165.0916; Found: 165.0910.  Optical Rotation: [ ]
20
D 16 (c= 1.3, CDCl3). 
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